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FOREWORD

The preparation of this Technical Note originated from a decision by the
Commission for Atmospheric Sciences at its fifth session, when it was felt desirable
to have a review of the present situation and suggestions for the application of
atmospheric electricity concepts to various aspects of meteorology.
The former CAS Working Group on Atmospheric Electricity, under the
chairmanship of Professor L. Koenigsfeld, arranged for contributions to be prepared
by members of the group and others, and the tosk of putting these together into one
volume was entrusted to Mr. Hans Dolezalek (U.S.A.) who was appointed CAS Rapporteur
on Atmospheric Electricity by the Commission ot its sixth session.
A preliminary draft of the complete document was examined at the Fifth
International Conference on Atmospheric Electricity which took place in Garmisch
Portenkirchen (Federal Republic of Germany) in September 1974. The final version
reflects comments made at that time.
I wish to express my gratitude to all those scientists who have contributed to the material contained in this publication, ond especially to Mr. Dolezalek
for his painstaking work in orranging the Technical Note in its present form.

D. A. Davies
Secretary-General

SUMMARY
The purpose of this Technicol Note is to show how otmosperic electricity
concepts and methods may be used in weather analysis and prediction and in other
fields of otmospheric physics os well as in climatology. Mutual misconceptions exist
between experts in atmospheric electricity and meteorologists about the possibilities
offered by atmospheric electrical parameter values on the one hand and the actual
requirements of the meteorologist on the other.

Criteria are suggested for assessing

the applicability of atmospheric electricity data.
The main part of the Technical Note discusses some of the possible
applications---for instance in assessing thunderstorm probability, in problems of
cloud physics, atmospheric chemistry, air motion and solar-terrestrial effects.
Sometimes the electrical data are clearly a primary consideration; in other cases

they may serve to confirm doubtful evidence from other sources.

To understand the

electrical parameters fully, it is often necessary to study these in conjunction with
certain quantitative meteorological data.

It is pointed out that the lack of genuine experts in the field of
atmospheric electricity has impeded progress. There is a difficulty in that
meteorologists have not the time to study the subject in the necessary depth, the
few available authoritative publications on the topic being highly specialized. This
Technical Note could serve as an introduction for any meteorologist wishing to improve
his knowledge in atmospheric electricity. In conclusion, there is a brief discussion
of atmospheric electricity measurement techniques.

RESUME
L'objet de 10 presente Note technique est de demontrer comment les notions d'electricite atmospherique et les methodes utilisees en 10 matiere peuvent
servir a l'etablissement d1analyses et de previsions meteorologiques et etre aussi
utilisees pour d'autres aspects de 10 physique de l'atmosphere, ainsi qulen climatologie. Les specialistes de l'electricite atmospherique et les meteorologistes ne
sont pas toujours d'accord quant OUX possibilites qu'offrent les valeurs des parametres de l'electricite atmospherique, d'une part, et quant aux besoins Teels des
meteorologistes en 10 matiere, d'autre part. La Note technique contient done des
suggestions quant aux criteres a utiliser pour evaluer les possibilites d'application
des donnees relatives a l'electricite atmospherique.
La majeure partie de cette Note technique est consacree a l'examen de
certoines applicotions possibles, telles que: evoluation de 10 probabilite des
orages, problemes relatifs a 10 physique des nuages, chimie atmospherique, mouvement
de llair et relations entre les effets des phenomenes solaires et terrestres. Dans
certains cas, les donnees relatives aux parametres electriques sont importantes en
soi, alors que dans d'autres cas elles peuvent servir a verifier des hypotheses
etablies a partir dlautres sources. Pour comprendre pleinement les parametres electriques, il est souvent necessaire de les etudier en relation avec certaines donnees
meteorologiques quantitatives.
II faut savoir que les progres ont ete freines jusqu'a present du fait
q.ue lion manquait de veritables specialistes en matiere d'electricite atmospherique.
C'est 10 un probleme du fait que les meteorologistes n'ont pas le temps d'approfondir
Ie sujet et que les rares ouvrages faisant autorite qui ant ete publies sur ce sujet
sont tras specialises. La presente Note technique devrait done constituer une introduction pour tout meteorologiste desireux d'approfondir ses connaissances en electricite atmospherique. Elle comporte en conclusion un bref expose des techniques utilisees pour me surer I'electricite atmospherique.
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RESUMEN

El objeto de 10 presente Nota Tecnica es demostrar como las nociones de
electricidad atmosferica y los metodos utilizados en la materia pueden servir para
establecer an61isis y predicciones meteoro16gicas, y utilizarse en atres esferas de
10 fIsica de 10 atmosfera, asI como en climatologIc. Los especialistas en electricidad atmosferica y los meteor61ogos no siempre estan de acuerdo en 10 que respecta
a las posibilidades que ofrecen los valores de los parametros de la electricidad atrnosferica por un lado, y tampoco en 10 que respecta a las necesidades reales de los
meteor61ogos en 10 materia, por otro. As!, pues, en 10 presente Nota Tecnico, se 5Ugieren ciertos criterios empleados para evnluor las posibilidades de aplicaci6n de
los datos relativos a 10 electricidod atmosferico.
La esenciol de 10 presente Nota Tecnico se ha consogrado 01 examen de ciertas aplicaciones posibles; par ejemplo, 10 evo1uaci6n de 1a prababi1idad de que se
produzcan tormentas, los problemas re1ativos a 1a f!sica de las nubes, 10 qUlmica
atmosferica, los movimientos del aire y re1aciones que existen entre los efectos de
los fenomenos solares y terrestres. En ciertas casas, los datos relativos a los par6metros electricas son importantes en sf, mientras que en otros esos datos pueden
servir para eomprobar eiertas hipotesis establecidas a partir de atras fuentes. Para eomprender plenamente los parametros electricos, a menudo es necesario estudiorlos
en relocion con ciertos datos meteoro16gicos cuantitativos.
Cabe senolor que hasta ahor~ los progresos han sido frenados par e1 hechode
que escaseaban los autenticos especialistas en materia de electricidad atmosferica.
Ello eonstituye un problema, yo que los meteorologos no tienen tiempo de estudiar a
fondo esa cuestion y las pocas obras autorizadas que han sido publidadas a ese respecto son obras muy espeeializadas. La presente Nota Tecnica servira, par 10 tanto,
de introduce ion a los meteorologos deseosos de amplior sus conocimientos en materia
de electricidad otmosferico. La Nota concluye con una breve exposici6n de los metodos empleodos para medir 10 electricidad atmosferico.

EDITOR'S PREFACE

The renaissance of atmospheric electricity as an interesting science in
the 19608, based on new information, new methods of measurement and new needs for
better knowledge, and sparked by the International Conferenoes of 1963 (in Montreux)
and 1967 (in Luzern). also led the World Meteorological Organization to establish in addition to its Rapporteur on Atmospheric Electricity within elMO - a Working
Group within the Commission for Aero10gy (CAe) in 1965. The tasks of that Working
Group were described in point la, of Resolution 8 (CAe-IV) with the following words:
" ••••. which such measurements can be made and the scientific value of such
observations, for the field of atmospheric electricity itself and for other fields
of study, such as clouds and precipitation physics •••. ". In these general terms,
the tasks paralleled those of the International Commission on Atmospheric Electricity
of IAMAP (then still the Joint Committee on Atmospheric Electricity of IAGA and
IAMAP) in the International Council of Scientific Unions, and of its various Subcommissions. In fact, the co-operation between the WMO/CAS (formerly CAe) Working
Group and the International Commission became, after a rather quiet period in the
beginning, increasingly intensive as time progressed. The general task for the
Working Group was later specified in one point, namely to compile a WMO Technical
Note on the Application of Atmospheric Electricity Concepts and Methods to Other
Parts of Meteorology. To prepare this Technical Note, the support of the atmospheric
electricity scientific community at large was solicited; several generally
distributed circulars asked at first for ideas, then for more specifio proposals,
and finally led to the commitment of a number of leading scientists in this field to
write individual sections. Naturally~ the contributions reoeived varied widely in
length and in the degree of detail. We have made no effort to work out a better
equilibrium: to ask individual contributors to add more text would have caused a
very" long delay; to shorten longer contributions would have wasted the effort
already made. Above all, it is clear that a document such as this can never be final
because science progresses and the applicability of a scientific result often
advances in unpredictable jumps. On the other hand, we have heavily edited many
contributions in order to give some uniformity - not only with regard to measuring
systems and s3nbols used, but also to integrate overlapping contributions by several
authors into one, where this seemed appropriate. The expertise and effort which
went into these contributions are the merit of the contributors and we are deeply
indebted to them; the responsibility for errors, however, lies muoh more with the
editor who in this case is the main author of this Technical Note.
We acknowledge with gratitude the help, not only of the scientists named
on the following pages, but also much advice from numerous other colleagues, and, in
particular, from Dr. Warren L. Godson and from Dr. Rumen Bojkov.

Hans Dolezalek

Alexandria, Virginia, August 1977
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1.

EXTENDED SUMMARY

In this Technical Note, we demonstrate that methods and concepts of
atmospheric electricity may be applied to other parts of meteorology (including the
assessment of the present weather situation and the prediction of its development in
the near future), and also to other domains of atmospheric physics, and to climatology. Our confidence will, however, not always be shared by those who routinely
consider"or apply present practices of weather forecasting -. and we shall at first
deal with this apparent discrepancy.
The following two examples may serve to illustrate this discrepancy
further: during one of the sessions of the WMO Commission for Atmospheric Sciences,
the author of this document was asked by one of the delegates (during a coffee break):
"What do you want?

We already have more data than we can handle. 'I

The same point of

view is expressed in a positive way by Jo Ann Parikh (Computer Science.Center,
University of Maryland, September 1974):

I1A weather forecast is a

time sequence

obtained by integrating a complex set of non-linear differential equations representing .the physical laws governing the atmosphere. II Parikh r s statement sounds as if we
knew the II p hysical laws governing the atmosphere" well enough; and she does not even
mention that a sufficient set of initial values and/or boundary values must also be

well enough known. In fact, we know many of these laws and we generally know a few
of the initial and/or boundary values - but whether we know them "well enough" or have
available a II sufficient set ll , cannot be decided by the amount we can handle, but only
by the quality of the weather forecast - by the answer to the question whether the
meteorologist fulfils his task or not.
It is the task of the practical meteorologist in a public weather service
to provide information on the development of all atmospheric parameters which may
have an influence on people (including their activities, such as business, work,
service, recreation, travel) and to do so in a time frame which allows due consideration of these developments by the people. It need hardly be said that we are still
far from fulfilling this task satisfactorily. In particular, the ability of the
weather services to predict quick developments of strong changes often leaves much to
be desired, sometimes leading to catastrophic consequences. Even in cases of slower
development, the precision of the forecast is often insufficient for due reaction by
the public; the short-time, limited-area prediction usually simply does not exist.
Some atmospheric parameters are not considered at all in public weather reports, such
as the lightning danger (which is a different thing from "thunderstorm probabilityll).
In addition to the tasks of the meteorologist in public weather services,
we also must look at the meteorologist in specialized services, and we again find
shortcomings. In particular, local prediction from a single station (which either
does not receive the global weather information or for which that information is
based on too coarse a grid) needs considerable improvement.
It is doubtful whether by increasing the capabilities of the computers
used by the weather services, these shortcomings can be significantly improved.
Therefore, it would appear to be good sense to look to the whole domain of atmospheric
physics in order to obtain additional parameters and/or to apply different measuring
methods. This publications deals with one aspect; the electrical aspect.
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Already, the meteorological community is using in ever-increasing numbers
one instrument,. radar, which is based on an atmospheric electricity parameter, to wit
the reflectivity of electromagnetic waves by atmospheric constituents. It may be
mentioned that a particularly interesting new form of radar was developed by one of
the leading atmospheric electricity institutions in the United States in the course
of research. In this Technical Note, however, we restrict ourselves to other
atmospheric electricity parameters because the interested meteorologist already has
much aCcess to information about weather radar.
Such information usually does not exist with regard to the other parameters of atmospheric electricity. In part, the universities deal with this field
only very cursorily and on the level of knowledge of the 1920s or 1930s, presenting
a much too simple picture. For most meteorologists, the field of atmospheric elec~
tricity is a strange one, and they do not find the time to acquire the special skills
which are needed if one wants to use that field. Some disappointing experiences may
also be cited as causing an alienation between scientists in atmospheric electrioity
and meteorologists; it may be that a weather service has conducted a quick test of
some atmospheric electricity method, done by a co-worker insufficiently familiar with
the specialized subject, and sometimes set up without proper instruments,giving, not
surprisingly, disappointing results. In fact even a thorough training in electrostatics or plasma physics is not sufficient to set up atmospheric electricity experiments, one needs some special knowledge. Unfortunately, the best textbooks on
atmospheric electricity are difficult to understand and provide much more information
than the meteorologist would need, and are therefore not studied; while the more
popular books are much too s-imple. A special treatise which can be used by the
meteorologist who wants to become familiar with atmospheric electricity has not yet
appeared in print.
On the other hand, we see with regret that our colleagues working in the
field of atmospheric electricity sometimes do not have sufficient knowledge of other
meteorological fields or of what is expected from a practical meteorologist. Therefore they often cannot prepare the results of their work in such a way that the
meteorologist can readily apply them.
If we want to improve this situation, we must expect some special efforts
from both sides - and this is the problem about which Chapter 2 of this publication
has been written.
The main part of the Technical Note is Chapter 3. It is titled "Examples II
because it is impossible to discuss all possible applications. Whether an atmospheric
electricity concept or method is applicable to other parts of meteorology depends on
the degree of maturity this concept or method has reaohed (and this changes with time),
it depends on the changing requirements of those "other parts of meteorology", and it
depends on the development of concepts and methods in other domains of atmospheric
physics. When several conoepts or methods are promising for one particular application, only those which will eventually do the work better (but not at a prohibitive
cost in money, energy, logistics, etc.) or more cheaply (but still adequately) should
be seriously considered.
It was not the purpose of the authors to make a list of methods which are
ready or nearly ready to be used by the forecaster (though one such attempt will be
presented at the end of this summary) because such a list would probably soon be superseded, and judgement about applicability depends very much on the "other part of
meteorology" involved.
Instead, we present a long list (With fairly detailed annotations) of
possibilities. We distinguish between two main groups; some atmospheric electricity
parameters are in fact meteorological parameters "per se", or potential meteorological
parameters, either because they directly influence the public and its activities, or
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because they actively influence other meteorological parameters, and in these cases,
atmospheric electrird"tN concepts or methods are clearly primary ones. Other atmospheric electricity parameters can assume a supporting role because they can serve as
indicators or tracers for meteorological parameters or processes, and here our concepts and methods are only secondary, to be considered only if they do the "tracing"
better or more cheaply than other methods. In some cases electrici.:t;y concepts may be
so much cheaper or more accurate that for a realistic situation they are the only
useful ones.
We also find a rather large "grey area." Here, numerous concepts and/or
methods from atmospheric electricity as well as other parts of atmospheric physics are
available, but very often not a single one provides clear answers. It is still worthwhile to consider them seriously because an ambiguity in one may be clarified by
another which taken by itself also yielded only an ambiguous result. This might lead
to the conclusion that this aspect of weather prediction is more an art than a science,
but it is possible in many (if not all) such cases to narrow down the margin of
guessing by scientific methods.
In Chapter 3, a clear distinction is made between the atmospheric
electricity parameters which genUinely are meteorological parameters (as indicated
above) and the parameters which can be used in support, as tracers or indicators.
It must be stated, however, that the possibility of atmospheric electricity processes
actively influencing meteorological processes is - at present -neither fUlly refuted
nor fully confirmed, in spite of rather forceful arguments sometimes advanced for or
against.
No effort was made to depict the "grey areal! within the tracers. This is
quite impossible for the same reason which prohibits a valid list of realistic versus
speculative applications to be presented.
A general statement on the present status of atmospheric electricity may
be useful. The former, relatively simple concept of the time of Lord Kelvin, was disproved by the discovery, at the end of the last century, that the atmosphere conducts
electricity. The problems which suddenly appeared due to this discovery are still unsolved. Progress is slow in this field in spite of the remarkable dedication of a
number of excellent scientists, some of whom have enjoyed substantial financial
support. They are too few to permit faster progress. There are wide fields within
atmospheric electricity which should be investigated, as most scientists agree, but
often it is impossible to find a single competent group anywhere in the world dealing
with such a field. Where dependence is on outside financing, the urgent problems
usually attract more funds than the important ones, and this situation is unlikely to
change. It is still the reason for the wide gaps in our knowledge.
Nevertheless, some advances have been made. Emphasis on long-term average
values, once so characteristic in atmospheric electricity, has almost completely been
dropped after these average values had undergone some careful statistical evaluation.
We are more and more interested in instantaneous values, or more exactly, a short-time
average, say from one hour down to a few minutes. This new trend considerably
complicates the measuring technique and the interpretation of the results, but it is
seen as the only road toward a better understanding of the physics of the atmospheric
electricity processes. In particular, the need to measure more parameters is
increasingly acknowledged, because of the existence of the "grey area ll indicated
above. A good example is Ohm's Law; we see more and more that for accurate considerations we must understand simUltaneously all three basic parameters of Ohm1s law in
order to understand only one of them. Again, there is the need to get quantitative
information on certain meteorological parameters in order to understand the electrical
ones. In Chapter 4 of this Technical Note, some related problems are discussed.
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Some parameters

Scientist
A

B

2 & 3 & 48

Air pollution

I

Reference
(section of this
Technical Note

2

3.3.2

49 & 48

3.3.3

I

,

Exchange coefficient

2

Air mass determination

26

38

Air motion
tracing

2

2

3.3.4.4.3

Inversions

2

4

3.3.4.4.1

Mass transfer
on land and
sea

28 & 39

Phase changes
of precipitation water
Change of type
precipitation
Types of clouds

I
I 38 & 39

-

-1-·-I

2 &

I

4

4

3.4.5

I

3

3.4.5

I

2

3.4.3

I
2 & 37
2

I

Forecasting of
precipitation

26

Droplet growth

2

I

I
I

28
2

I
Electrified
clouds
Lightning prediction

3

2

3 & 48

3 & 48

Tornado warning
Global 1.ightning monitoring

4

4

3.2.1.1.1

I
I

I

4

3.4.4.1

5

Some parameters

Scientist
:B

A

Referenoe
(section of this
Teohnioal Note)

Regional 1 ightning monitoring

4

4

3.2.1.1.1

Severe weather
areas

4

4

3.2, 3.4.2, 3.4.4

Lightning suppression

3

30201.5

----

fo- - -

Variation of
ionospheric
potential
Determination
of effectiveness of
weather modification

3

3

2

I
I

38

3.4.6

Codes used in columns A and B:
First digit:
this parameter was not considered by this scientist
2
at present nO safe prediction for applicability possible, more research
3
promise for application visible, but more research needed
needed
4 almost ready or ready for practical application
The sign & between two codes indicates that both possibilities have been
mentioned by this scientist
Second digit, where used:
9
at sea
8 in certain cases, more about this in reference given in last column
7 statement seen as doubtful by the scientist himself
6 statement seen as of limited value
For a related discussion, see chapter 3.1 of this document.
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This Technical Note has been written for meteorologists, including the
practical forecaster, the climatologist (even the global climatologist), the air
quality analyst, the meteorologist at a remote mountain station or aboard a ship at
sea, the military forecaster looking at very special conditions, and many others.
Where it was possible to find an expert who would venture to give a "realistic"
analysis of a certain method, that analysis is given at the end of the section or
sub-section.
This publication could also serve as an introduction for the meteorologist
who is embarking on a study of atmospheric electricity and naturally starts on the
basis of his meteorological experience.
This Technical Note,however, is not a scientific paper or a monograph,
nor is it a textbook. Some sections were written by individual scientists, all of
whom will doubtless be disappointed at the product remaining after the editing inflicted by the main author. Nevertheless, there has been no attempt to equalize the
individual contributions by tailoring them to comparable depth or degree of detail.
Such cutting back would have meant that too many worthwhile statements would have
been thrown away.
The objective of this Technical Note is not only to proclaim a method
Many of our colleagues in atmospheric electricity when
working close to a weather forecaster have felt that they:could help him in doubtful
situations. In this sense, this pUblication is an invitation to the meteorologist to
consider the potential of atmospheric electricity concepts and methods to help him
improve his professional abilities, and to the physioist working on problems and
potentials of atmospheric electricity to realize that he might analyse and reformat
his results to improve their usefulness to the meteorological commu~ity, although
without prejudige to his purely scientific efforts.

seeking an application.

In fact, there has already been some increased contact. In atmospheric
electricity, synoptic methods and other working theories from meteorology are
increasingly being applied. In meteorology, the use of radar is one example (as
stated above) and encouragement may be drawn. from reviews, carried out under the
auspices of the Amerioan Meteorological Society and funded by the National Science
Foundation ooncerning "Cloud Physics ll ) (see Bulletin of the American Meteorological

Society, Volume 55, Number 6 (June 1974) on pages 543, 549/550, 556, 570, 573/574,
580, 584). The gap is narrowed in some relatively obvious cases, and it is one of
the tasks of this pUblication to indioate that bridge-building may be worthwhile in
many more individual domains.
The reader should be aware that there is no general agreement among the
community of scientists working in atmospheric eleotricity on which parameters are
ready or could quickly be d~veloped for application by the practioal meteorologist.
Therefore the table given on pages 4 and 5 refleots the op.inion' of only a few. Such
opinion is based on the individual's own experience and activity in atmospheric
eleotrioity and on his relative familiarity with the innate requirements of weather
services (the requirements are not the same in all WMO Member countries). The table
was originally drafted by one of the members of the WMO/CAS Working Group on Atmospheric Electricity, and in its first column a digit indicates that scientist's
opinion. In the second column is a digit indicating the opinion of another member
of the Working Group. The third column gives references to sections in this
Technical Note where more detail can be found. Please note that the list of parameters in this table is far from complete as will be seen from a oomparison with the
Table of Contents.
It might be a good idea for a practical meteorologist wanting to investigate the suitability of atmospheric electricity oonoepts and methods as support
for his work, to ask some scientist in his country, who is thoroughly familiar with
atmospheric electricity and who has a sufficient knowledge about the requirements of
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the weather service
jUdgement. In this
establishing a link
atmospheric physics

in question, to write down a similar list based on his own
sense, the table on pages 4 and 5 may be a starting point in
between basic research in atmospheric electricity and applied
and meteorology.

Finally, the reader1s attention is drawn to the banquet address given by
Professor Helmut E. Landsberg on the occasion of the Fifth International Conference
on Atmospheric Electricity, held in September 1974 at Garmisoh-Partenkirchen. It is
printed on pages 799 to 804 of "Electrical Processes in Atmospheres", edited by
H. Dolezalek and R. Reiter and published in 1977 by Dr. Dietrich Steinkopff Verlag
in Darmstadt (Federal Republic of Germany).

2.

2.1

BACKGROUND

Introduction

The COMMISSION FOR ATMOSPHERIC SCIENCES of the WORLD METEOROLOGICAL
ORGANIZATION requested a Technical Note be prepared on the application of atmospheric
electricity concepts and methods to other parts of meteorology. More than a hundred
years since Lord Kelvin predicted the replacement of the thermometer, the hygrometer
and the barometer by the electrometer, Buch a request would seem to be eminently
reasonable.

Kelvin's prediction did not materialize.

However, a few decades later

it was- established that the atmosphere does conduct electricity, that there are

currents, and that the electric field is a dynamic parameter. This made atmospheric
electricity a much more complicated SUbject than Lord -Kelvin could have envisaged,
and his prediction was forgotten. Only recently have we begun to estimate the full
degree of complexity. Some branches of atmospheric electricity seem now to be less
understood than they were a few decades ago. The scientific community still faces
the challenge of difficult and exciting work ahead.
As with all scientific research, one must be prepared for the question of
how soon the results can be applied, both in the enhancement of knowledge and in
helping' to solve social. or economic problems of a more practical nature. It is the
task of this Technical Note to take up such a question, although only an assessment
of the current possibilities for application can be given. This touches upon the
more fundamental problem of the relation between basic science and operational
applications - a problem so fraught with emotion that misunderstandings abound. It
is' necessary to confront the "basic II scientist (in this case the physicist in atmospheric electricity) with a discussion of the problem, and this is attempted in Section
2.2. It is hoped that he will perceive these problems and take them on. Chapter 3
forms the main part of the T'echnical Note, where a number of examples of possible
application are discussed; in each case an attempt is made to assess realistically
the present or future potential. Chapter 4 gives some indication of minimum requirements for measurements of atmospheric electricity, and discusses information or
education for atmospheric electricity work.
The Director-General of the Meteorological Office of the United Kingdom,
Dr. B.J. Mason, in an address at the centenary celebration of the U.S. weather service
in February 1970 predicted that the decade of the 1970s would see more marginal fields
of atmospheric sciences coming into the mainstream of meteorology, specifically
mentioning atmospheric electricity in this connexion. It is hoped that the present
Technical Note will help to bring this about.

2.2

Research and application

2.2.1

Historical introduction

Benjamin Franklin, often considered as the founder of the science of
atmospheric electricity, made two relevant statements. In the JOURNAL DE PARIS of
1784 he wrote: "A discovery which can be applied to no use, or is not good for
something is good for nothing." One year earlier, when asked about the usefulness
of balloons, he said: lIWhat good is a newborn baby?ll (quoted after Fleming, 1972,
p. 360). He was also responsible for transferring one result of research into
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immediate application when he devised the lightning rod. At present we are
still studying lightning, and several books have been published reporting recent
research results (Uman, 1969, 1971), one of which includes a chapter with suggestions
for future research.
This short paragraph demonstrates the situation in essence. Important
scientific research results - important in that they enhance our knowledge considerably - tend sooner or later to become important practical issues. The two most
important discoveries in theoretical physics of our century, the relatiVity theory
and the quantum theory, illustrate this: Qut of the first came, among other things,
the nuclear bomb and the nuclear power station; out of the second, an example is the
laser. In both cases it took about half a century for the development. In both cases
it was highly unlikely that somebody in the last decades of the 19th century who
wanted these results could have devised the research necessary to obtain them, it is
even unlikely that there was anyone who would have been able to perceive a desire to
get these results. When asked by Hans Reichenbach how he found his theory on relativity, Albert Einstein's answer was that it was because he was so strongly convinced of
the harmony of the universe. In both cases quoted above, basic research did not stop
when the practical applications were developed, but is still increasing.
The two developments also illustrate Franklin 1 s second statement: it
takes nearly the time of a generation for a baby to grow up. However, in addition
to this time-lag, we now also encounter a communication gap which did not exist in
Franklin's time. Both time-lag and communication gap should be considered in the
case of atmospheric electricity; there are inter-dependencies between them. A third
item to be discussed in this section is an apparent peculiarity of atmospheric
electricity in that first discoveries of processes or conditions are later on confirmed
by more direct investigation.
2.2.2

The time-lag

There may be a time difficulty in both directions: in some cases,
atmospheric electricity may not be ready to provide a tool wanted in meteorology;
in other cases, atmospheric electricity may proffer assistance which the meteorological community is not yet ready to accept.
As is general in basic science, results which might be adapted for
practical application are sometimes obtained by researchers who are not alert to the
possibility of such applications or are not inclined to follow them up at the time
of discovery. This is also part of the communication gap to be discussed below.
More often, research is not yet sufficiently advanced. For example, the replacement
of the old notation used in thunderstorm statistics, of a "day with thunder heardlt,
by a more objective, quantitative assessment based on automatic monitoring of electric,
magnetic or electromagnetic tracing of discharges is, in spite of considerable effort
by able researchers, not yet feasible with sufficient reliability.
An obvious example of an atmospheric electricity result which waited for
a long time before it began to be developed as a tool for aeronautical purposes with
a multitude of meteorological connexions is the fact that the normal fair-weather
electric field is a vertical one; its application is to the stabilization of model
aircraft used for research and for practical purposes (M. Hill, 1972).
In a more general sense, the present emphasis in practical meteorology
does not seem to be conducive to the introduction of new methods - but if the
significance of meteorology and climatology for human life increases in the future,
that outlook may have to change. To cite an example: in a discussion during a
session of the WMO Commission for Atmospheric Sciences, on practical application of
atmospheric electricity, the question was asked: l1What do you want - we already have
more inputs than we can handle." This was a surprising statement since the problem
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is not to have more inputs than a model or a computer can handle, but to have enough
inputs to fulfil the task given to the meteorologist by the pUblic, and if this is
too much for the model or for the computer, it is they that are wanting.
The ac ti vi ty of the Meteorological Services which now gets- the most
publicity is the mid-term, wide-area forecast, much of which is done by computers
working with models. These models have no sockets into which one can plug observations of elements not now incorporated. The output from these models is ce~tainly
still far from satisfactory, as everybody agrees - but it is of special interest to
note that such a forecast may break down just when it is most urgently needed - in
Borne catastrophic or near-catastrophic situation~ The overnight flooding of valleys
in the western part of the state of Virginia in the U~S~A. associated with Hurricane
AGNES in 1972 caused numerous fatalities and widespread damage which could have been
prevented or lessened if there had been any foreeast. The heavy snowfall in the area
of Washington, D.C., U.S.A. on 8 February 1974 did not cause fatalities but did cause
much inconvenience and some damage and was unpredicted, in spite of the fact that it
occurred in a region with a relatively dense network of meteorological stations and
an abundance of meteorologically skilled persons and the availability of excellent
communications. It is very evident that the models are not yet good enough.

This seems to be especially true in the case of the "operational forecast lt ,
with which term we describe the highly reliable short-term, small-range forecast,
aimed at a period of a few hours and a restricted area, such as a mountain range, a
valley system, a coastal area, an agricultural unit, a forest, an industrial complex,
or a military theatre. The possibility exists that with the observation of more parameters which' contain information on the meteorological situation, with the combination
of several indications which each have a degree of ambiguity, or with
simple
additional observation stations, we may achieve better results in this realm. It has,
indeed, happened that in certain situations professional meteorologists have turned to
a colleague who has made atmospheric electricity measurements nearby, in order to
improve their short-term, local forecast.
The above remarks are also valid for the long-term forecast, if one agrees
that a more exact knowledge on the starting situation may be of value. Any parameter
of atmospheric physics which promises to give additional information, or to provide
the same information in a better or cheaper way, should he investigated - though the
time is probably not yet ripe for this.
Finally, we have to think of the single-station forecaster who either
does not get much information over his telephone, teletype or radio, or cannot use
such information because it does not give enough useful knowledge for his particular
situation. The observer at a mountain station or a remote coastal station, at night
under heavy overcast, the captain of a ship in a remote part of the oceans, should
not be denied any possible tool promising to give them more than they now have.
The various situations discussed in this section are examples - there
may be more.
2.2·3

The communication gap

There is no doubt that a communication gap exists, and is probably
widening. It exists in both directions between the meteorologist and the physicist
in atmospheric electricity, who, with few exceptions understand little of each other's
work. Nobody has time to read all the important journals of the other group or to
attend their meetings.
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For the interested meteorologist there is no suitable general textbook
on atmospheric electricity. There are a few popular books, but most are outdated and
all are too vague for this purpose. There are two comprehensive textbooks (Chalmers,
1967; Israel, 1971/73) and there are the specialized proceedings of conferences,
special editions of journal issues, and papers in conferences and magazines. A book
by Reiter (1964) contains a large amount of material, mainly measuring results
pertinent to the application of atmospheric electricity to meteorological problems;

but again, it was not intended
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an introduction for the meteorologist to the con-

cepts of atmospheric electricity. In the field of lightning physics, we now have a
suitable introduction for the meteorologist leading directly into the textbook

presenting the whole field in scientific detail (Uman, 1969, 1971).

A relatively

new book (Krasnogorskaya, 1972) is less voluminous than the two textbooks mentioned
above, but is still probably too detailed for the meteorologist.
What is needed for the meteorologist is not just one but several books,
offering a selection of varying approaches at the standard of the undergraduate
student in science. They should aim at giving a general understanding and at the
same time offer an insight into the problems of atmospheric electricity theory and
atmospheric electricity measuring techniques.
Colleagues working in the field of atmospheric electricity, on the other
hand, are not well informed about new measuring techniques used in other parts of
atmospheric physics, those techniques which to a degree compete with or complement
atmospheric electric possibilities. Various branches of atmospheric physics are
developing fast, but relatively little about them is taught in our universities.
Atmospheric electricity, atmospheric optics, atmospheric acoustics, atmospheric
chemistry, and atmospheric dynamics cannot be dealt with more than superficially in
a general course. Textbooks in these other fields are also still scarce.
Some practical meteorologists seem to find a " s trangeness" about atmospheric electricity. As often taught in undergraduate university courses of physics,
this science, appears to be rather simple; but on closer inspection turns out to be
very complicated and some apparently obvious facts develop into problems.
It sometimes seems expected that atmospheric electricity methods may
prOVide a miracle cure for some meteorological problems, and we may hear about a
crash programme of measurements carried out for a few months, with disappointing
results. Often it is then discovered that wrong measuring methods have been applied
or a station is unfavourably located. In fact, atmospheric electricity studies may
offer some assistance for the solution of problems in meteorology, but not a simple
cure.
not good
cases in
although
look for

The more general attitude is a prejudice that atmospheric electricity is
for anything meteorological. We still do not have sound and solid proof for
which electrical processes are the causes of meteorological variations
there are indications that there may be cases - and it is only natural to
causes if one wants to understand a variation.

Our ~olleagues in atmospheric electricity research are not always able
to discover potential applications which may become feasible even before a particular
problem is solved. Apart from a few government agencies which sponsor research programmes, it is seldom possible to find an organization which will follow the progress
through and then pick out every promising potential for development into an operational tool.
There seems also to be, sometimes, a "strangenessll about practical
application in the minds of colleagues in atmospheric electricity.
It is often
assumed that the readiness to accept new developments in the realms of practical
meteorology is more widespread than it actually is. It is not seen that usually
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it is the duty of the researcher to demonstrate that his method can do something
which other methods cannot do, or can do it more economically. The researcher then
often simply publishes his results in the mistaken belief that somebody else will
make the crucial experiment on practical applicability.
An atmospheric electricity peculiarity
The history of atmospheric electricity shows, now and then, a peculiarity
which has happened so often that it can no longer be considered accidental. This is
the fact that meteorological processes are sometimes first detected by atmospheric
electricity methods, and only later on are subject to experimental research with more

specific means. The growing air pollution over the Atlantic Ocean observed by the
CARNEGIE cruises 1915-1929; the spreading of urban pollution into the environment
shown by the investigations of Israel in the early 1930s and others later on; the
first discovery of the aerosol layer in the stratosphere around 20 km (now called
the Junge layer) by the balloon Explorer II in 1935; the first tracings of severeweather zones by direction finding with atmospherics in the years before World War II;
the detection of layers of low conductivity in the upper stratosphere and lower mesosphere by Whipple, Pedersen and others (Whipple, 1965; Pedersen, 1966; Bragin, ·1966,
etc.); the detection of certain solar influences which seem to be coupled with a
modified stratosphere-troposphere exchange (Reiter, 1972, 1973) - these are a few
examples. A very recent one is the correlation of sun-spot numbers with frequency
of lightning in Britain for a period of forty years, pointing to some missing link in
our knowledge which probably involves some meteorological processes (Stringfellow,
1974). It is difficult to find an explanation for all this. One probable cause is
the variety df meteorological processes having influences on electrical parameters
which are similar to eaoh other and require careful analysis which may then lead to
the discovery of the existence of some hitherto unknown parameter. Another cause is
that for several meteorological prooesses atmospheric electricity methods offer a
high sensitivity - and still another cause may be the fact that in some atmospheric
electricity parameters the effects of meteorological processes from a larger area are
integrated.
It would probably be worth investigating this peCUliarity more closely;
investigation may lead directly to some practicable forms of application.
Meteorological parameters and tracers
What is a lI me teorological parameter"? We are sometimes given the definition of a parameter in meteorology as a natural element which is listed under the
elements routinely observed by a weather station. This definition is probably too
narrow. It is reasonable to consider every natural weather or climatic element as a
meteorological parameter, whether or not a weather service is measuring it now,
provided it is signifioant enough to have a direct or indirect influence on human life.
Asked which meteorological parameter is an electrical one, we would immediately cite
lightning, probably also st. Elmo's Fire, and perhaps every point discharge. But we
should also include in this group electric elements which influence meteorological
processes. As pointed out elsewhere in this publication, we are not yet certain when
and where such elements exist. Tentatively, we may cite here the influence of
electric fields on droplet coalescence, the action of atmospheric ions as catalysts
in atmospheric chemical processes, influences of electric fields on the motion of
charged precipitation particles; there may be others.
In addition to these electrical meteorological parameters, we must
consider a second group of elements which can be used to indicate or trace meteorological parameters. Many, if not most, meteorological processes have electrical
consequences, and these can sometimes be monitored more easily or even more remotely
than the direct products of such processes.
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In this Technical Note we shall consider the two main groups:
electrical
parameters (sections 2.4.2 and 3.2) and electrical indicators or tracers (sections

2.4.3. 3.3 and 3.4).
Before listing and discussing a variety of examples (in sections 3.2,

3.3 and 3.4), we will use one particular case (section 2.3) to demonstrate what we
have just said and will look in some detail at the criteria for application (section

2.4).

Demonstration of one case
For this demonstration, as an example of the situation outlined in the
preceding chapter for its influence on atmospheric electricity work, we have chosen
a simple method of tracing on the ground with electrical methods the degree of
atmospheric instability aloft. We have selected this example not because we think
that it is more important than others, but because the circumstances around it are
typical of the conditions frequently encountered.
Description of the methods of detecting instability
The Institute for Atmospheric Environmental Research * in Garmisch-Partenkirchen in the Bavarian Alps is carrying out an investigation of the atmospheric
physical and chemical conditions in vertical profiles reaching from ground level into
the stratosphere (see the references under REITER).
To do this a number of fixed and
movable stations (fixed stations at about 700, 1700 and 3000 ill a.s.l. and movable
stations between 700 and 1700 and between· lOa a and 3000 ill a.s.l.) have been operated
for several years.
The movable stations .are' instrumented cable-cars (aerial tramways), for
a large percentage of their travels moving through the free atmosphere far away from
the mountain slope.
Data transmission is automatic and real-t:ime by radio-link to
the Institute itself where the data are computer stored and analysed. An extraordinarily large number of profiles from all seasons and weather situations has been
accumulated, supplemented by radiosonde ascents made from the Institute • . Among the
data recorded are several atmospheric electFicity elements.
Measurements made in various types of cloud can be used to trace generator
processes, demonstrating the transition of thermodynamic energy into electrical energy.
In shower clouds such processes are occuring almost everywhere in the cloud with
resultant large variations of electric potential from the positive to the negative
and vice versa. Figureldepicts one such cloud penetration through a shower cloud and
for comparison two other profiles from different conditions.
Simultaneous measurements of meteorological parameters are evaluated to give the magnitude of the exchange
(austausch) coefficient.
The regions of positive or negative excess charge move vertically as well
as hori~ontally, and their combined electrical action is traceable at the ground under
the cloud.
A simple way to assess this action is to count the number of reversals of
the sign of the atmospheric electric field (potential gradient) near the ground.
From theoretical reasoning it is to be expected that generation of
electric charge in clouds is largely enhanced when vertical motions of the air are
strong.
This is confirmed by plotting the number of sign reversals versus the
exchange coefficient. Figure 2 shows' a synopsis of results obtained in all seasons
of a five-year period.
Table I provides some numbers, in addition. We seem to have
here a case of an electrical tracer.

*Institut fur Atmospharische Umweltforschung, Fraunhofer Gesellschaft zur
Forderung der Angewandten Forschung - formerly nPhysikalisch-Bioklimatische
Forschungsstelle".
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TABLE

1

Exchange coefficient and reversals of electric field

1

A
Reversals of the
atmospheric electric
field at 750 ill a.s.l.
during precipitation

Austausch (exchange) coefficient between
1800 ill and 3000 ill a. s.l-. at the same time
kg

-1

hour

!

!

;

-1
-1
m
sec

!

j

100%
of cases

90%
of cases

<19

<15

<10

<29

<19

<ll

...

70%
of cases

...

I

!

i

10

...

1.5

25

••• 200

35 •••150

40 ••• 120

2 ••• -2. 5

40 •• ·340

50 ••• 260

10

2.5 ••• 3

90 •• ~500

100 ••• 500

100 ••• 500

200 ••• 500

3 ••.

• •• 2

4

13

70

17

1j
I

I,
1

1 ••• 1.5

90

,

i

50

••• 200

1

I

200 ... 500
360 ••• 500

Discussion of the significance of these findings

2·3·2.1

Potential for development

To monitor the number of sign reversals per unit of time is, in fact, an
extremely simple job. Most of the usual precautions for good atmospheric electricity
measurements (such as the open-plane condition, the Ohm's Law fulfilment requirement)
are unnecessary, one does not need any calibration of the field intensity, the degree
of radioactivity is immaterial (if a radioactive antenna is used), and one can
develop this method to work with simple insulators. Monitoring of sign reversal can
be made highly automatic, it can be made from remote, unmanned stations which may
give a few bits of digital information over a telephone link once every hour, or can
be interrogated; and with slightly more effort can be equipped with automatic
function controls. Each such station could be very cheap if made in sufficient
numbers.
It may be expected that more information on the above meteorological
development could be obtained if the measurement were made more sophisticated. The
observation of the actual variations of the electric field, the recording of its
absolute intensity, the comparison with simultaneous measurements of air-earth current
density and conductivities would certainly give more information than the simple
counting of sign reversals.
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2·3·2.2

Comparison with other methods

It is possible to measure the degree of stability above an observing
station with other means. Radiosondes and-radar are two obvious methods, and both
will give more information than the simple "number of sign reversals" method. These
two methods, however, require human operation and are both much more expensive per
station. The number of radar stations required to give the same amount of information
would be smaller because of the ability of radar to look over a larger horizontal
extension - though this ability may be reduced if cloudiness and water content are
heavy, or- because of orographic obstacles.
Assessment of present situation
The acqUisition of the results presented in Figures I and 2 and.Table 1
was a side -product of the measuremen-t progra=e of the Institute in Garmisch-Partenkirchen. The research has not been financed by any weather servlce, the reseaieh
goals are different, and there is but little chance that the In~titute could. do more
planue-d development work in the indicated direction without a<lditiolral funding:
Actual comparison with other methods is missing; confirmation of the method from
other climates or even other r_egions is scarce. -Automatization of the "revers·al of
sign" method requires a -special- development programme which does not -exist.· Lack of
expressed needs on the part of the meteorological community hampers any initiative to
do more.
To' investigate the possibility of using more kinds of data to get more
information \as indicated above under 2.3.2.1, second paragraph) would involve the
research worker in a mass of <lata which are hard -to" interpret. It would require the
full dedication of an experienced worker in atmospheric electricity for some ti~eto
arrive at any results promising useful additional information, even with access to
all the data accumulated by the Institute. It probably would also require some
additional measurements.
Conclusion
We are encountering here an example of the lack of communication between
the basic research effort and the operational effort. The example_demonstrates that
basic research on this item should go on. It also demonstrates the need for a channel
which would allow, first, the isolation of a result of basic research and its definition in terms of pure science~ and then its redefinition in a form that makes clear
the requirements for development into a practical tool. These requirements would
then be translated into a programme and the programme to be put into operation.
Somewhere along this channel, further effort could be taken over by development
people, freeing the scientist to proceed with the desired further research.
All this would be desirable if agreement could be reached that the
expected result would be worth the effort. For an answer to this question, communication between the scientist and the practical operator would be essential, with an
assessment of present versus future needs. The failure of practical metaorology to
predict catastrophic deviations from the weather forecast seems to point to a need
for additional methods; perhaps in the form of cheap unmanned stations promising to
give short-time small-area information. This, of course, is no new idea - but the
inclusion of a method such as the one discussed in this chapter may make it more
feasible.
...
Criteria for applicability
Introductory remark
In Section 2.2.5, we noted the distinction between electrical meteorological parameters, and electrical tracers for meteorological processes or situations.
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Development

For both groups, criteria to judge applicability exist on various levels.
of the science of atmospheric electricity will now and then produce

results which are potentially useful for some meteorological purpose - but these
results may still be speculative, or may still need many years of further research
before they can be applied, or they may be mature enough for an immediate transfer of
knowledge from basic science to development and operation. This is one level of
criteria.

Another level is indicated by the necessity for comparing the usefulness
of expected atmospheric electricity results with any other methods available to the

meteorologist.
A further level of criteria derives from the fact that meteorological
needs develop with time; what is of utmost importance today may be less so in ten
years; and certainly there are meteorological areas of interest which will gain more
importance in the future than they have now.
In addition to the two groups "parameter" and "tracers 1r we have a third
one, in the reverse direction:
the application of future meteorological results
which may promote atmospheric electricity results.
Outside the realm covered by this Technical Note are, of course, all
applications of atmospheric electricity to fields other than meteorology.
Criteria for applicability of electrical meteorological parameters
2.4.2.1

Existence of such parameters

Lightning, its physics and techniques derived therefrom for prediction
in various time frames, for protection, and for prevention, unquestionably. is the
classic example known since the invention of the lightning rod by Benjamin Franklin,
though the full potential of application of scientific results is still not generally
acknowledged. Less obvious is the potential to find electrical processes active in
the generation of tornadoes and, consequently, a potential to predict the development
of tornadoes directly by monitoring such processes.
The observation that tornadoes
are related to the emission of certain types of electromagnetic radiation mayor may
not be indicative of such processes.
It may b~.only a by-product,.and then can serve
as a tracer.
It has been suggested "that the electrical conductivity of pre-thunderstorm atmosphere may influence the development of storms. The influence of electric
fields on droplet coalescence, and the problem of the rain gush have for a few years
been the SUbject of intensive investigation.
Electrical forces playing a role in fog
formation and fog dissipation or electrical methods used to influence such development
arbitrarily; electrical forces effecting exchange processes across the tropopause; the
generation of cirrus clouds and the subsequent influence on incoming solar radiation;
ionic processes active in atmospheric chemical reactions - these are among the still
speculative reactions, still controversial among researchers.
Usefulness for certain meteorological purposes
It can be generally stated that any meteorological parameter which is
influenced by electrical processes will be better understood (and that is better
applied) if these electrical processes are measured directly - which has to be done
by electrical methods. This is already obvious for the meteorological task of prediction or prevention of lightning, and of protection against lightning hazard by
avoidance or by harmless drainage, diversion or shunting.
Meteorological tasks affected by lightning information "are numerous:
protection of workshops dealing with explosive material, prediction for certain
operations involving combustible gases in the open air, civilian and military rocket
launches from land or underwater bases, planning of air routes and actual flight paths
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or of traverses for ships, decisions related to hiking and mountain climbing, to
military exercises and operations, to detailed planning for forest fire watch - and
within climatology, planning of overhead power lines across country, of rocket
launching sites, of vulnerable factories ••••••• and whether prediction, protection,
or prevention is the best method must be decided for each individual case. Such
decisions cannot be made without a certain knowledge of the physics of lightning,
including the development of large electric fields which are the pre-condition for
such discharges.
Details will be discussed in a later section. Mention is made here in
order to demonstrate that for any other of the possibilities indicated in 2.4.2.1,
a set of similar requirements will have to be established as soon as these still
speculative possibilities become scientific facts, and also to demonstrate that the
determination of affected meteorological tasks depends on the individual nature of
these possibilities.
2.4.3

Criteria for applicability of tracers or indicators
Usefulness of indirect measurements

Since nearly all meteorological processes have electrical consequences,
the existence and some information on the nature of a process can be derived from
electrical measurement. However, if the process in question can be measured directly,
and not just its consequences, the direct measurement is basically preferable. For
instance,if we can measure atmospheric humidity directly, we do not need to measure
the ion mob~lity spectrum in order to derive humidity from it.
Because of these trivial facts, we only consider the use of atmospheric
electricity methods as tools to trace meteorological processes if one or other of
the following conditions is met:
(a)

The meteorological·process in question cannot be measured directly.

(b)

The process can be measured directly, but the electrical method
adds a desirable feature, such as
•

possibility of remote sensing;

•

greater accuracy or reliability;

•

better predictability;

• .use as a by-product of electric measurements already
being made;
•

cheapness in installation and/oroperation;

•

allowing better results from. unmanned stations;

•

promise of additional information which is imposs~ble
or difficult to get from direct methods;

•

better sensitivity;

•

better representativity;

•

greater suitability for data handling.
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Competition and mutual complementality of methods
In addition to the requirement that the use of atmospheric electricity

methods as tracers for meteorological processes must promise benefits such as those
listed above, we have to consider similar requirements whenever the atmospheric

electricity tracer has to compete against Borne other tracer. This is to be expected
beoause meteorological processes have other consequences besides the electrical ones.
In particular, atmospheric optical methods will often be in competition with atmospheric electricity ones. Often, the optical methods will have advantages, sometimes
the electric ones may be better, most often a combination of both may give more, or
more reliable, information. A similar series of possibilities is valid for methods
of radio meteorology - which, frequency-wise, is in between optics .and atmospheric
electricity.
The criteria for applicability thus involve th€se possibilities of competition and mutual complementality between the various frequency bands of the electromagnetic spectrum - and individual questions such as the ones indicated in the preceding section may be asked here as well.
Atmospheric chemistry is another domain which touches the potential of
atmospheric electricity and may appear -as a competitor or a partner. So may atmospheric acoustics, and possibly also other domains.
other aspects of a

It

realistic" appraisal

In the two preceding sections, some basic requirements have -been indicated
which must be met before any suggestion can be termed a "realistic" one.
There are,
however, other aspects to be considered. Above all, the ,situation may change with time:
what today appears to be speculative, may at some future date' be fact.
Then, the
practical and political situations within the meteorological establishment playa
role.
Is it possible to educate a sufficient number of meteorologists within any
given service to use, evaluate or even only permit new methods; are the financial
means available? Even the psychological situation may playa Tole.
It is, of course,
not our task to deal here with these problems.
Applicability within certain meteorological tasks
The above criteria (2.4.3.1 and 2.4.3.2) may have different weight when
considered within certain meteorological tasks.
It is obvious that, if we look at the meteorological models now used for
numerical forecasting, there is no input socket provided into which atmospheric
electricity results could be plugged, at least not directly.
This poses the following
prOblems:
(a) Can any atmospheric electricity concept or method be applied indirectly
to the present system of mid-range, large-area forecasting which uses certain fixed
models and computers, based on a fixed set of measured parameters from a more or less
fixed set of stations?
(b) Do you see a future development of meteorological models
which would or should use atmospheric electricity inputs for the purpose of mid-range,
large-area forecasting?
(c) If not, do you think a special method may be suggested
to convince planners of future models to change their present outlook and include
such inputs from atmospheric electricity?
Turning to the short-time, small-range exact forecast (operational forecast) and to single-station meteorology:
what use can be made of any suggestion
within this realm, and for which type of meteorological station? This may very well
include meteorological parameters which are currently not included in such short-time
forecasts, but are of sufficient interest to the consumer of meteorological
information.
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Finally, there is the global, mid-range or long-range lorecast problem.
Do we see potentials lor application ol atmospheric electricity concepts and methods
for the derivation of general global atmospheric circulation, lor stratospheric or
extraterrestrial factors, or for any other aspects of this either global or longrange (or both) task?

2.4.4

Criteria for applicability for research purposes
Assistance of meteorology for atmospheric electricity research

Here, points of view differ.
In general, such research is left to
universities, to some observatories of Meteorologioal Services, or, in case~"requiring
some guidance on the international level, to the appropriate international scientific
organization. However, there may be oases in which a more active involvement of
Meteorological Services is required and is absolutely necessary for atmospheric
electricity research.
The problem here is to decide which demands may" be considered
reasonable. The most that can-be hoped for is slight modification of established
or planned actions, or additional actions which involve no or very little extra
resources in the form ol manpower and/or money. To illustrate this we may say that it
would not seem to·be impossible" to" convince many or all national Meteorological
Services to-apply a set of reasonable minimum requiremen~s or actuai forms of "
reporting thunderstorms or lightning occurrence. ~nternational comparisons" might
gradually thus become possible.
Contribution from atmospheric electrioity to research in
~tmospheric physics
It is probably not necessary to define criteria here, since they are
obvious to every atmospheric scientist. If a man working in atmospheric optics is
monito~ing aerosol by some scattering method, he certainly should be aware that with
some relatively simple atmospheric electricity method he may increase the amount olinformation available. If a man is working in the generation of global circulation
in the tropical belt, he might i'ind it worthwhile to consider the occurrence of
tropical thunderstorms which can be monitored electrically, and to relate the amount
of heat and moisture transfer over the tropical ocean to the intensity and number of
tropical maritime thunderstorms." However, thoughoriteria are not needed it is still
necessary to mention possible contributions because we cannot expect every atmospheric
physioist to know these, especially if they have only recently been discovered.
In conclusion, it must be said that these criteria as is generally the
case, do not call for solutions; they should be used in deciding potential or speculative applications. In Chapter 3, numerous examples are given which should be
considered with these criteria in mind. There is, however, not necessarily an
example given for each of the criteria listed above. The content of Chapter 3 is
thus' more general than that- of Chapter 4.
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TABLE 2
Behaviour of the conduotivity near the ground under meteorological
influences
Meteorological
parameter

Behaviour of conductivity

Wind
strength
direction

parallel variation
differs locally, according to location
of station (connected with smoke and
dust production)

State of aeroBol
general visibility
haze

foehn
dust content
fog

parallel variation
lowered conductivity
increased conductivity
parallel variation
lowered conductivity

Cloudiness
high clouds
low clouds

no appreciable influence
increased conductivity?

Rain
ordinary rain

thunderstorm rain

negative conductivity usually higher,
positive conductivity unchanged~
strong fluctuations; frequent increases
in the negative and positive conductivicy

Temperature, moisture, etc.

unclear, widely varying dependences
from point to point

General meteorological
situation

conductivity seems to be generally
lower in high pressure areas than
in low pressure areas

TABLE

'"'"

3

The potential gradient in the 19wer atmoBpher~c
a function of meteorological factors

Meteorological element
Wind
velocity
direction

Aerosol state
visibility
dust, haze
mist
foehn

l~yers

as

Behaviour of the potential gradient

Usually decreases with increasing velocity; "noise" of
the potential gradient incxeasing
Local differences according to location of the observation point and sources of suspensions

Change in the opposite sense
Change in the same sense
General trend toward a field increase

Low field values

Cloud cover

high clouds
low (closed) cloud cover

No substantial influence
Values clearly reduced; increased noise

Temperature

Change usually in the opposite sense

Vapour pressure

Change in the opposite sense in the annual variation,
and in the same sense diurnally

Precipitation
light (continental) rain

Field largely negative (i.e., reverse of fair-weather
direction); absolute values usually increased, though

light snowfall
squalls and thunderstorm rains,
snowstorms, dustetorms

rarely more than five-fold
Field usually positive, probably dependent on temperature
Disturbance of the potential gradient very great; rapid
and irregular change of signs; absolute values can rise

to 100 times or more than the normal value
General weather situation

No unambiguous association.

The variations taking

place must be related to air-mass changes, exchange
fluctuations and nrecinitation aotivitv
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TABLE

4

Dependence of the behaviour of the air-earth current
on meteorological influenoes
Element

Behaviour of the air-earth current

Visibility

Parallel behaviour

Relative humidity

No clear connexion

Vapour pressure

Opposite trend (Lutz) (reSUlt of the
annual variation

Temperature

Opposite trend (Lutz) (reSUlt of the
annual variation)

Wind direction

Differs according to location

Wind strength

No clear connexion

Air pressure

Slight change in the same sense (Lutz

Air pressure tendency

Air-earth current is larger for
decreasing pressure than for
increasing pressure

Cloud cover

Deorease in the current with increase

Air masses

in cloud cover (Lutz)
Distinct reaction present (Grieger)

Mist

See below in text

Precipitation

See below in text

3.

EXAMPLES

Scope of examples
In the most comprehensive monograph of atmospheric electricity (R. Israel,
1971, 1973) we find three surveys on relationships between several individual meteorological elements and several individual electrical parameters (namely, conductivity,
electric field (potential gradient), and air-earth current density, on pages 99, 394
and 499)e
These tables are reproduced here as Tables 2, 3 and 4.
The purpose of the surveys is to guide the reader of the monograph towards
the more detailed treatment in the text of the book, and several direct references
are contained in the tables. The tables are only qualitative (some of the statements
are not without contradiction) and because of this, they do not provide a substitute
for considerations in the present Technical Note. We cannot expect to progress toward
a realistic evaluation of the potential of atmospheric electricity for the support of
meteorological tasks from a survey such as is presented in such tables. At first,
only three electrical parameters are considered, and the variation of even these three
with time is hardly considered. We shall see that the rate of variation often gives
more clues than the absolute values. Other parameters are missing, such as the
fundamental space charge density, ion number density, rapid variations and jumps of
the electric·field, electromagnetic radiation, and all the secondary parameters to
be derived from these (such as the ratio of positive to negative conductivity, degree
of fulfilment of Ohm1s Law), and finer detail of the parameters treated, for example
the mobility spectrum of ions - and all combinations of parameters which often only
yield the required information by synopsis.
This is all treated by Israel- in his monograph, but does not show in the
tables.
It does not seem possible to present the potential for the application
of atmospheric electricity concepts and methods to other parts of meteorology in a
form similar to these tables. Instead, we will have to discuss individual examples.
This has the disadvantage that new possibilities may be discovered at any time, or
suggested possibilities discarded because other means have been found to do the job
better. It also means that it is difficult ·to survey the whole range of possibilities
and tb organize the material in a form which fills the needs of the majority of
potential readers.
Following the classification introduced in .Section 2.2.5, we shall first
discuss the meteorological parameters which ~re electrical in.nature (Section Y.2),
~nd then the electric tracing of non-electrical meteorological processes (Sections 3.3
and 3.4). General remarks on remote sensing in Seotion 3.3.1 also app;y in part to.
the disturbed-weather situations treated in Section 3.4.
Section 3.4.6 points to the possibility that atmospheric electricity
methods may help meteorological measuring technique in one particular case.
Examples of electric meteorological parameters
Lightning
In some countries or states, lightning rods on houses are mandatory for
obtaining fire insurance, in other countries they are seldom'used; the United States
being one of the latter.
In the opinion (consciously or not) of most people, lightning
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is an "act of God ll against which not much can be done.
This has two consequences:
(a) people do not do much against i't, and (b) lightning accidents are not considered
as " news ", even lightning fatalities are rarely reported by any but the local press.
A direct third consequence is that often resuscitation methods are not applied to a
victim although we now know that in many cases they would succeed.
The main author of this Technical Note is inclined to believe that the
number of cases of lightning damage is, in many categories, larger than is usually
assumed.
In the summer of 1975, lightning fatalities occurred in the area of
Washington, D.C., U.S.A. and were reported by the local press (in this case also the
national press).
The author wrote a letter to one of the editors which was published
with an accompanying picture of a thunderstorm; this brought a much greater response
from the readers than expected, in the form of telephone calls. Lightning injuries
brought to the emergency rooms of hospitals obViously occurred in relatively large
numbers, and lightning damage to many kinds of electric and electronic installations several very unexpected ones - was reported.
The assumption of widespread lightning damage is also supported - unfortunately: - by the fact that it seems to be relatively easy to sell successfully
special devices against lightning damage or even lightning generation which fail to
meet any sound scientific requirements - often even government agencies fall prey to
unscrupulous advertisers.
Advice on how to behave if one is caught in the open by a heavy thunderstorm is often composed of rules which do not stand up to scientific scrutiny.
As is
sometimes the case in atmospheric electricity, people educated in electrical engineering or electronics make false assumptions,not seeing that - in the domain of fairweather electricity - an extension of common rules to the extremely small currents
encountered there is not permissible, or - in the field of lightning physics - an
extension of common concepts is invalidated by the extremely strong currents occurring
there.
To give one example of the latter: many people who know a little about
electricity are convinced that to be completely immersed in water makes one safe in
lightning danger situations because water is such a good conductor, probably better
than the human body. Or they assume that the metal skin of an aircraft body will
act as a perfect Faraday Cage and prevent the penetration of electric fields.
These
assumptions can be faulty because both the water and the aircraft fuselage still have
some electrical resistance and with the high currents possible in lightning strikes,
the voltage drops created can be, and often are, large enough to be fatal for the
human SUbjected to them.
The International Commission on Atmospheric Electricity has issued suggestions on how to behave when caught by a heavy thunderstorm in the open (Berger et al.,
1973). This text has been distributed to the national Meteorological Services by WMO,
and already has been seriously considered by at least one of these Services in giving
advice related to lightning hazard or in printing brochures for the public.
The author is inclined to believe that the danger of the continuation of
the lightning current in the ground is greater than is usually assumed, even by some
other experts.
Because of this, he is convinced that under no circumstances should a
person lie down to protect himself, instead he or she should crouch down to minimize
the area of the earth's surface touched by the body.
It must be stressed that victims should be treated with mouth-to-mouth
resuscitation, heart massage or similar methods even if they seem to be dead, and that
such treatment should be started immediately.
That essential facts such as the ones indicated here are not generally
known and that very often even meteorologists do not know them, points to the truth
that the field of lightning badly needs more attention from those entrusted with
serving the public, in particular in meteorology.
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An important suggestion has been made by R.B. Anderson (personal communication, 1975): lightning characteristics may differ more in differing climates than
has been suggested so far. Not only the ratio of ground-to-cloud strokes but also
the number of multiple strikes, the amperages of return strokes, polarities of
currents, etc. may depend on climate. A special working group to study this has been
established by the International Commission on Atmospheric Electricity.
3·2.1.1

Lightning climatology

The isokeraunic level, in particular the density of lightning flashes to
earth, is of great importance to the design of protection, or improvements thereof,
of power transmission lines, telecommunication networks, rocket launching stations,
buildings and certain hazardous industries.
The isokeraunic level in units of thunderstorm days has been determined
for the global system, but it is now found that probability calculations are needed
based on lightning flash density, particularly in view of the catastrophic effects of
the disruption of much larger interconnected power systems than previously. Furthermore, the flash density does not appear to have a linear relationship to thunderstorm
days, but increases to some power (about 1,67) thus making comparisons on the thunderstorm days basis unrealistic. Pierce (1968) has proposed a relationship showing that
a higher proportion of ground flashes occur in temperate compared with tropical
climates, but the exact numbers have as yet to be determined. This in itself poses
a question for counting lightning when the prime intention is to obtain values of
ground flash density separately. The determination of the density of inter- or intracloud flash is also needed: it is important for the protection of aircraft in flight
or the launching of rockets and satellites.
Much work was done by power transmission companies several decades ago,
but some of their results seem to be challenged now by M.F. Stringfellow of the
Lightning Group of the British Electric Council Centre, pointing to somewhat higher
habard expectations. The importance of this is acknowledged by the existence of a
group on lightning hazard within CIGRE (Commission Internationale des Grandes Reseaux
Electriques) and its efforts to develop standardized lightning counters to establish
the isokeraunic levels. Researchers are interested because we should like to know
why the lightning incidents change from place to place, and perhaps from year to year.
The large system of atmospheric electricity instrumentation within the confines of
the Kennedy Space Center in Florida also point to some climatic aspects, although
the main purpose there is for operational forecasting. Attempts to install lightning
"prevention" devices, eVen before any sound scientific basis for these is available,
at radio communication towers and oil storage tanks, again indicate the fact that the
hazard is not taken lightly by those involved; and it seems to be beyond doubt that
the responsibility for monitoring this falls to the Meteorological Services.
A more fundamental research goal is to obtain an index of global lightning
activity as it varies from hour to hour, from day to day, from season to season, and
probably from year to year.
Among the methods for monitoring lightning activity the two basic
complementary approaches are the short-range and the long-range methods.
3.2.1.1.1

Short-range monitoring

Systems of short-range monitoring either integrate over all directions or
count flashes in discriminating sections of a few degrees. Some methods count with
preference ground strokes, others have little discrimination between ground and cloud
strokes. The more sophisticated methods which allow a fairly safe discrimination are
more difficult to maintain and to interpret. A common difficulty is the fact that
signals emitted from lightning vary at the source in their strength, and since this
variation is not easily distinguished from variation of the received signal due to
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attenuation during propagation, weak nearby lightnings can look very similar to
strong distant flashes. One easy method to get some discrimination was applied by
one of H.W. Kasemirls earlier methods: by plotting not only the number of received
signals but also their strength one could derive some information on the range,
provided that the distribution of weak to strong sources is about the same in every
thunderstorm. This provision is certainly not fulfilled in an unhomogeneous terrain,
e.g. partially mountainous, partially flat; or partially continental and partially
mari time.
A new approach to the problem of discrimination between strong and weak
signals has been suggested (Bunn, 1968) by determination of the effective range of
the counter defined as that range from the counter within which the number of flashes
actually occurring over a long period equals the number registered by the counter
and is given by the relationship

Where per)

probability that counter will count a flash occurring at the
range r.

This latter probability function can be experimentally obtained separately
for ground and cloud flashes, and when used together with the cloud/ground ratio, the
ground and cloud flash density is obtained. Alternatively, if the cloud/ground ratio
is not known, a correction factor may be obtained by observing the proportion of the
total registrations of the counter which are due to ground flashes.
The number of cases of adjacent counters (which are properly maintained
and served) reading differently is negligible. Research is progressing fast so that
standardized counters have been used in large numbers in many countries (Prentice,
1972) and a counter which discriminates against cloud flashes (Anderson et aI, 1973)
has been developed.
It would clearly be advantageous if networks of flash counters in various
countries would agree sufficiently in the methods applied to permit comparisons and
the meaningful derivation of total sums based on more than one network. It has been
the intention of the organizations, the Commission for Instruments and Methods .of
Observation (CIMO) of the World Meteorological Organization and CIGRE (which was
mentioned above) to help with such standardization; the general official acceptance
of the result of these efforts, so far, has probably been less than satisfy~ng; we
have heard of one or another country wanting to get a network and having tired of
waiting for a general agreement, starting on its own.
Unfortunately, we still find predominantly or exclusively in use the old
practice of just counting days with thunderstorm heard (or, in ships' logbooks,
watches with thunder heard and/or lightning seen). This, of course, is grossly
inadequate. Background noise and background light in the neighbourhood influence the
distance from which thunder can be heard and a light be seen, and other factors such
as the hearing ability of the observer, how much of the observer1s time is spent outside in the open, the degree of stress on the helmsman of a ship who is expected to
look out for signs of thunderstorms, all come into play. There are, in fact, so many
that it is essential
to try to establish a special science relating these observations to objective counts, on a statistical basis. This is important and will
remain so even when we have agreement and general introduction of objective methods,
because we will still need to look for secular trends and must be able to use the old
records.
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In discussing in more detail the several types of flash counters, we
should start with the two basic formulae depicting the electric and magnetic field
caused by a lightning return stroke (i.e. part of a ground flash) in a distance which
is large compared to the length of the stroke (taken here from Israel, 1972):
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where the indices z and y indicate the vertical and horizontal direction of the
field vectors, respectively, with y~ x, where x is the direction between lightning
and point of observation. Q is the total charge moved in the return stroke, r is the
distance
and h the vertical length of the lightning, t is time, and 0, Eo and Ila
are the speed of light, capacitivity (permittivity or dielectrio oonstant of vacuum)
and permeability of vacuum (inductivity) respectively. The formulae are valid in the
International System of units, and oan be expressed in several different ways, of
which only one is shown here. Another rather common form uses the charge moment·
M = 2Qh in the formula.
For equations valid for shorter distances from the lightning
and usable especially to derive physical features of the generating lightning, see
Uman et al (1973).
These two formulae point to the fact that there are several possible ways
of counting ~ightning flashes:
theoretically, one could measure the electric field,
variation, the magnetic field, or the electromagnetic radiation or combinations of
these. As shown by the fact that the magnitude of the first member of the first
equation decreases with the cube of the distance, the second member with the square
of distance, and the third with distance directly, these various possibilities essentially determine the range.
Such ranges can vary from about 20 km to several hundred
kilometres and, for the third member, several megametres. The real situation is more
complicated because of attenuation depending on frequenoy, the possibility of ionospheric reflection, the possibility of dispersion and, for distinct extremely low
frequencies, the possibility of the resonance of the earth-ionosphere wave guide.
Returning to the old method of reporting thunder heard and lightning seen,
we may remark that both are limited to distances of about 20 km on flat country under
favourable conditions - and since meteorological observing stations are mostly spaced
in a much wider grid, it is clear that the objective methods will give a much better
coverage.
These methods raise a basic problem, however:
to cover the whole terrain,
overlaps of the ranges of neighbouring stations occur, and i t is then nearly impossible to integrate the results in order to obtain isokeraunic levels for larger areas unless one can pinpoint the location of eacb lightning stroke, i.e. know its direotion
and distance. Direction of the incoming signal ("atmospherics" or briefly " s ferics ll ) .
can be determined if the third member is used. Determination of distance is more
difficult and usually involves some form of triangulation with the necessity for
several stations to identify the same lightning stroke.
In other words, the problem
of lightning localization is, of course, different from the task of determining the
amount of electric noise at a certain localization.
The individual methods and instruments are not discussed here.
Another method is acoustic. Arrays of modern microphones have been
successfully used to detect, pinpoint and measure lightning discharges by triangulation
of the acoustic signal (thunder). For details see Few (1974).
During the night, triangulation methods using all-sky cameras may be used.
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The application of radar has also been proposed.

Radar is excellent in

locating clouds with various degrees of water content and in measuring the vertical
expansion of water in the clouds.
The relationship between lightning and such clouds
is, however, not quite clear and it is not certain that a reliable relationship will

ever be found - because it may not exist. Radar, of course, also " sees " lightning
directly if the beam happens to be directed towards the flash, and if the lightning
is not obscured by thick clouds between the radar and the flash - a highly probable

situation.
Satellite observations will be discussed below when we treat the longrange lightning activity monitoring.
3.2.1.1.2

Long-range monitoring

Instead of attempting to build networks of lightning counters in grids
with meshes of between 20 and, say, 200 kilometres, one may try to restrict the
observation to a small number of long-range stations, and it has been estimated that
less than ten
such stations should be sufficient to cover ~he entire globe.
Essentially two types of natural radiation can be exploited: VLF (Very Low Frequencies about 3 kHz to 30 kHz) and ELF (Extremely Low Frequencies below 2 kHz and
particularly below 100 Hz).
For reception of electromagnetic radiation from distant sources, either
at VLF or ELF, it is desirable that receiving stations be located where local lightning
activity is minimal, because long-range reception becomes impossible during a local
storm. E.T. Pierce suggested some time ago -the installation of long-range stations
within the tropical belt of the earth on small islands in the ocean (SUCh as St.
Helena), or in the midst of large deserts (such as the Sahara) where local thunderstorms are relatively infrequent. Problems of logistics and cost make such installations somewhat unlikely, desirable though they may be. Thus, one actually needs
backUp stations if a station is disturbed by a local thunderstorm.
Localization does not necessarily mean that each individual stroke is
exactly localized. This would indeed be difficult for several reasons.
For most
applications, localization of activity centres is sufficient. This is based, however,
on a monitoring of all the strokes.
VLF localization includes direction-finding and distance-finding. For
direction-finding, the time-of-arrival method seems to be the most accurate.
To
determine direction of origin this method employs several receivers and measures the
time used by the sferic to travel from the nearest to several more distant receivers.
Another method, less accurate but much more easily applied, is the crossed-loop
antenna system for magnetic field detection incorporating a special feature to suppress
the lBO-degree ambiguity.
For distance-finding the most accurate method is triangulation, provided
that the various receivers are spaced sufficiently far apart at the corners of a
polygon. One needs at least three stations for a safe triangulation and the distances
between them must be at least several hundred kilometres for any network which attempts
to cover the entire globe. At VLF this involves continuous communication between the
stations and identification of each individual stroke at all stations.
This has been
done in the past. For example, in Switzerland it was realized early (Lugeon, 1930)
that during a war it would not be possible to obtain the usual meteorological information from other countries and several VLF sferics stations were therefore installed,
e.g. Zurich and Payerne, J. Lugeon); these are still in operation with modernized
equipment.
The Germans maintained such stations during World War II in Potsdam near
Berlin, on the shore of Lake Constance, and in Denmark (F. Schindelhauer and H. Israel).
Several other systems were operated for some time in France, to cover the Northern
Atlantic for weather information for fisheries, by the U.S. Air Force in the 1950s,
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and by the Main Geophysical Observatory in Leningrad under Solov'yev.

At present,

one such system is in routine operation under the British Meteorological Office
providing "sfloe ll information (sfloe = sferics location) to the international meteorological information system from stations in England and in the Mediterranean Sea.

Attempts have been made to measure the distance of a sferics source from
a single station using either VLF or ELF. With VLF, the feature of atmosphericionospheric dispersion is applied:

electromagnetic waves of different frequency need

different periods of time to arrive at the same distant spot, after one or several
"reflections" from the ionosphere, and the time difference between groups of signals
in various frequencies, as well as the change of the wave form of a signal during
p+opagation, can be used to derive distance from the source. This requires information about the ionosphere (electron density distribution, " reflection ll height, which
is varying from day to night) and the assumption that signals of different frequencies
are emitted from the lightning flash at about the same time. It also involves the
need for some statistical averaging since individual lightning flashes are not identical; for example, horizontal and vertical flashes have different radiation
characteristics.
The scientific community does not quite agree on the selection of frequencies for this method. To use a large span between frequencies has the advantage
that the difference in group delay time is also large and that the requirement of
simultaneous emission of different frequencies is somewhat relaxed (but it also makes
this requirement less likely to be fulfilled), and involves different methods of
receiving for the different frequencies. One such system is based on the difference
in the times· of arrival between the VLF-pulse (near 15 kHZ) and the ELF lI s 10w tail"
(below 2 kHZ) of the wave form.
Two or three relatively closely spaced freguencies within the VLF (3-30
lcHz) range have been used rather successfully for lightning location with the HHI
(Heinrich Hertz Institut) analyser developed in ~erlin and now (JUly 1974) used at
nine stations having essentially identical instruments (in Europe, North and South
America and Japan). Since the receiver-to-source distance is directly proportional
to the difference in time of arrival of two adjacent frequencies provided only one
(earth_ionosphere) waveguide mode is present - the need for further data reduction
appears to be minimal at first since this time difference is measured by the equipment. Unfortunately, the VLF propagation characteristios of the entire transmission
path must be known and they depend in this frequency range very significantly upon
the magnitude and direction of the earth's magnetic field Bo . Thus fairly complex
computations are neoessary to correct for the variation of the magnitude and direction
of Bo over each individual propagation path before the source distance oan be oalculated from the lIgroup delay time difference" and the "spectral amplitude ratio" which
are produced by the analyser. Such computations are now not difficult to perform,
even lion line ll , with a relatively small digital computer and therefore the need for
such computations does not limit the usefulness of the system.
Since propagation conditions (attenuation and time delay) in this frequency range depend also significantly upon what fractions of the path are in the daylight or in the night hemisphere, corrections must also be made for this effect. In
general this involves multiple -iterations and may not always lead to a unique answer
for the source distance if the actual path crosses a day-night boundary; the same
values of measured lIgroup delay time difference" and "spectral amplitude ratio" can
lead to different source-receiver distances depending upon what fraction of the path
is assumed to be in daylight.
Another limitation of the system is that east to west propagation is
subjected to considerably higher attenuation than west to east propagation. Thus the
sensitivity of the receivers is less to lightning occurring to their east than to
lightning to their west. A station located in Europe, for example, is therefore more
likely to detect lightning occurring over the Atlantic Ocean and the American continent
than lightning in Central Asia.
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To obtain unambiguous and reliable information about frequency and
location of lightning in the entire temperate and tropical zone it is desirable to
operate a sufficiently large number of HHI analysers which are geographically distributed in such a manner that each analyser needs to "look" at anyone time only at
sources which emit signals to the receiver exclusively over a daylight or over a
night-time path. The presently existing network of nine stations may already be
large enough to provide coverage of the northern hemisphere if each instrument is
equipped with a mini-computer to accomplish the necessary corrections for magnetic

field effects.
For a detailed discussion of these methods see the reports of the Waldorf
Conference and of session 8 of the Garmisch Conference (Anderson, Bent, Dolezalek,

Kelly, 1974; Dolezalek & Reiter, 1976).
Single-station location of major thunderstorm regions and determination
of the level of total, global lightning activity can also be performed using ELF
signals below 30 Hz. Equipment in this frequency range measures the level of the
earth-ionosphere cavity resonances (Schumann resonances).
Since the attenuation of
electromagnetic signals in the earth-ionosphere waveguide at these frequencies is of
the order of 0.5 dB per 1000 km and since the circumference of the earth amounts to
only one free-space wavelength (at 7.5 HZ) or to a very few wavelengths (at the
higher ELF frequencies), the earth-ionosphere waveguide becomes a cavity resonator.
The signal radiated by a flash travels around the earth several times before it is
greatly attenuated. Measurements below 30 Hz are therefore fundamentally different
from measurements at VLF:
it is rarely possible below 30 Hz to identify individual
lightning flashes.
Instead the amplitudes of lI s tanding waves" are measured which are
due to superposition of the propagated signals from each of a large number of flashes.
Integration in time (typically several minutes to one half hour) can also be used
advantageously to average out differences among individual flashes and fluctuations
in the ionosphere boundary. Propagation conditions below 30 Hz are virtually independent of the magnitude and direction of the earthls magnetic field, but do depend upon
the state of the ionosphere below 80 km on the day-hemisphere and below about 110 km
on the night-hemisphere. For precise interpretation of data, global atmospheric
electrical conductivity from 80 km all the way down to ground level must be considered,
because it significantly affects the lIQ" of the cavity (Q is inversely proportional to
resonance-line bandwidth).
The earth-ionosphere cavity is continuously excited by lightning actiVity
and the first few discernible resonance peaks in the natural electromagnetic spectrum
occur at approximately 8 Hz, 14 Hz, 26 Hz and 32 Hz. The precise values of the
resonance frequencies (i.e. 7.9 Hz vs 8.1 Hz), the relative amplitudes of the signals
at adjacent resonance peaks and the relative magnitudes of the electric and the
magnetic fields at any particular receiver location depend upon source-receiver
separation as well as globally averaged ionospheric properties. The absolute level
of the electric and magnetic fields depends primarily upon the level of global light-ning activity. A correction for source-receiver distance is nevertheless necessary
to go from absolute field level to global lightning activity.
The magnitude of that
correction depends upon the part (width and position) of the ELF spectrum which is
used, but it can be made relatively insensitive to distance variation and below 30 Hz
it is practically independent of the direction at which the source is located (for
example the ratio of signal levels due to sources at 3330 km and 10,000 km is 5/1
for an electric field spectrum extending from 12 Hz to 21 HZ).
While the Schumann resonance method does not lend itself to the counting
of individual lightning flashes, nor to the identification of small thunderstorms, it
is suited to perform both location of major thunderstorm complexes and measurement of
total, global lightning actiVity. An attempt to locate thunderstorms from a single
station leads to some ambiguities (in general four possible locations are given - all
at the same distance, but in different directions), although fairly good agreement
with locations by an HEI analyser (see above) has been obtained for a limited data
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sample. Three ELF recelVlng stations suitably placed on the globe should, however,
provide unambiguous information about the location of lightning sources.
The diurnal and
determined over a period of
station recordings.
Summer
lightning (lightning within
distant sources.

seasonal variation of global lightning activity has been
nine months (September 1970 to May 1971) from single
data (June-August) had to be omitted because "localll
several hundred kilometres) masked the signals from

Processing of the resonance data by digital computer is necessary to take
into account available information about lower ionosphere conductivity and its
variation with (known) solar activity. Computer processing is also necessary for
converting the measured absolute intensities of the magnetic and electric fields to
global lightning activity taking into account source-receiver distances which are
first derived from the data.
Such processing is presently not done on-line, because
substantial time (typically 2 hours for a 15 minute data sample) on a relatively
large machine (IBM 370/155) is required. Future improvements in programmes and
likely future availability of more powerful small computers should make on-line
processing possible.
Another method is to use satellites. Optical lightning monitoring from
satellites is possible and has been done for the periods when the satellite is over
the night parts of the globe, but obViously this monitors only lightning from night

thunderstorms (Neyet al, 1970/71). The application of filter photography from satellites
using the H-alpha line, which is especially long-lasting in lightning, does not look
very promising for daylight application. VLF and lower frequencies cannot be used,
because they do not penetrate the ionosphere from the lightning flash to the satellite
in a straight line and thus do not allow localization. The BF content in sferics is
relatively weak, but attempts are under way to use it for satellite monitoring.
One problem arises from the fact that the life-time of a thunderstorm is
less than the time needed by a satellite for one revolution.
Thus global coverage
is still beyond present capabilities within reasonable limits of cost. If it becomes
possible to achieve sufficient accuracy of localization from geostationary satellites,
and if we have a sufficient number of geostationary satellites to cover the whole
globe in the future, this method will deserve serious consideration and therefore the
experiments under way should be continued.
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Annotated Bibliography to Section 3.2.1.1.2, Long-range monitoring
difference in time of arrival between VLF pulse and ELF "slow tail ll :

K. Sao and H. Jindoh (1974).
Older triangulation systems:

E.A. Lewis, R.B. Harvey and J.E. Rasmussen (1960);
J. Lugeon (1928);
J. Lugeon and J. Rieker (1957);
J. Lugeon (1939);
E. T. Pierce (1969);
Jean Rieker (1960).
See also the papers tlUSAF" listed on p. 7 of Anderson, Bent, Dolezalek and Kelly, 1974-.

On the RBI analysers:

Hans Volland (1974a);
W.Harth (1974): An excellent presentation of the theory with complete, graphically
presented numerical results showing the magnitude of all necessary'corrections
(magnetic· field effects - east/west versus west/east,. day versus night path, -frequency

dependence).
Hans Volland (1974b): A presentation of _the basic .theory, short description of the
equipment and summary of some typical experimental results ..
The following paperspre,sent experimental data on lightning frequency and
distribution obtained with the HHI analysers.. Also a few unsolved problems with'
contradictory or ambiguous data are indicated (particularly',in the last.paper by

Harth) :
J. Frisius and G. Heydt (1974);
Tosio Takeuti (1974);
C.A. Hofmann (1974);
G. Heydt (1974);
R.B. Bent and G. Nesterczuk (1974);
W. Harth (1974);

w.

Harth (1974).

See also, for later discussions, the papers of session 8 in Dolezalek and Reiter

(1977).
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Use of Schumann resonances for monitoring global lightning activity and average
atmospheric conductivity:
M. Clayton and C. Polk (1976): Gives a brief review of the pertinent theory and
presents results on global lightning activity (estimated to vary between 20 and 600
flashes per second during period).
M. Clayton, C. Polk, H.E. Etzold and W. Cooper (1973)' Detailed description of
electric field sensor calibration at ELF for measurement of absolute level.
D.L. Jones and David T. Kemp (1970): Experimental and theoretical investigation of
earth-ionosphere cavity resonances excited by individual atmospherics of unusually
large amplitude showing close correspondence between experiment and theory (sources
at 5000 km, 10,500 km and 11,000 km).
T.J. Keefe, H. Etzold and C. Polk (1973)' Detailed description of magnetic and
electric field measurement equipment (including coil design and details ,of electronic
circuits) and of equipment for rapid evaluation of power spectra.
C:.Pollc.(1969)-: Re-v-iew of the theory of: Schumann resonances witlt ~'m:ph'ffsi·s' orr me'thods '
which can be applied to locate excitation sources from experimental data.
J.P. Toomey and C. Polk (1970): Detailed description of mathematic~l techniques
employed to locate two simultaneously active thunderstorm regions from experimental
ELF data obt~ined at one location.
A. Tran and c. Polk (1977): Detailed description of methods employed to calculate
ionosphere profiles in 40 kID to 100 kID altitude range from ELF data. (These profiles
are needed for the location of lightning sources).
A. Trart (1973): In addition to the theoretic.al deveTopment· of s'pherical stratification
of the ionosphere (rather than planar strati£ication used in earlier work) 'which is
necessary for accurate cavity Q and attenuation calculations, this thesis'gives
thaoretical and experimental result~(b~fed on ELF data)' fo~ the'average electrical
conductivity below 40 km (3.5 ,,10- 1 U
m- l ).
.

35
3·2.1.2

Operational forecast for lightning hazard
For the most usual type of weather forecast for mid-range, mid-period

(IIFor the region of Virginia and Maryland there is a chance for thunderstorms
tomorrow during the afternoon ll ) no electrical means are applied.
In fact, there is
little evidence that they could be used. We know of a few isolated attempts to
derive thunderstorm probability several hours in advance from variations of the
early-morning local conductivity and there may be some scientific background for
this, but experience is still limited and we know of no research on this at present,
so that we cannot really discuss this possibility here.
It may be mentioned that
the few indications we have were all connected with moutainous terrain, especially

in the northern Alps, in Switzerland (Gockel), Germany (Reiter) and Austria (Rott
and Tollner).
The situation is very different for the "operational l ' forecast, i.e.
prediction of lightning hazard for a small area, say a county or a town, within a
short time (one hour or a little more). Here, we have to distinguish between two
possible tasks:
prediction of lightning danger striking the ground, with its particular risks, or occurring in the cloud, with its potential of disturbing certain types
of communication; and prediction of the potential that lightning can be triggered by
an aircraft or a rocket flying into a cloud or close to it.
The significance of this forecast is that it will permit the postponement
of certain scheduled actions, the termination of certain dangerous activities, or the
protection of others. Application of the operational forecast in cases where the
usual mid-range, mid-period forecast would force shutdowns for long periods, may allow
continuation of activities for essentially longer time or even without interruption.
We know of cases in which the assistance of researchers in the field of atmospheric
electricity with their instruments has proved of great value (Olson, 1973).
The simplest case is that of a moving thunderstorm or thunderstorm front
with lightning activity which can be observed from a sufficient distance to predict
its present and future movement, including the time of arrival in the critical area.
The best system is the simultaneous use of three instruments:
(1) a lightning flash
counter with direction-finding capability and a certain capability of distinguishing
between distant and near strokes, (2) a radar to detect and follow the clouds from
which such lightning signals are received, and (3) one or several meters for either
the electric field or the air-earth current in the critical area because they may
pinpoint the development of hazardous situations overhead. The third instrument is
desirable because the condition for thunderstorm generation may travel ahead of a
storm, and observation of the behaviour of the field and/or current may give indications of this. Unfortunately, this third instrument is also the most problematic,
because the task is to detect clouds which are sufficiently electrified to allow
lightning triggering yet not sufficiently to generate lightning without triggering
from foreign objects.
Electrification in a cloud occurs with time constants of the order of
tens of minutes and in volumes of the order of a cubic kilometre or less. This means
that it can qUickly change its intensity and location. Charges of both signs are
always generated, and their external effects are in part mutually cancelled. Furthermore, since the generation of charges occurs in clouds and currents are generated,
these currents act to build up layers of opposite charges at the edge of the cloud,
again cancelling part of the electric field generated in the cloud. Finally, if the
intensity of the electric field originating from the cloud is sufficiently large near
the ground, point discharge occurs which, again, creates a layer of opposite charges
reducing the action of the field.
It thus follows that the intensity of the electric
field at the ground may not be sufficiently strong to indicate the large charge
generation which may actually be taking place overhead. The use of tethered or free
balloons, of instrumented rockets or of unmanned airplanes is not a fully safe
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solution because they may fail to penetrate the electrified parts of the cloud, or
may not indicate accurately enough where they found these parts. An improvement is
the use of several field measuring sites and, above all, the observation of the
variability rather than the absolute intensity of the electric field near the ground.
The flash counters discussed in Section 3.2.1.1.1 are suitable as
instruments for the purposes indicated under (1) above, but it may be possible to
design special instruments. In particular, a combination of flash-counting with
direction-finding capability and a radar where the results of both are displayed on
the same screen have been used (Hiser 1973);
it may be feasible to add an indication
on the local electric field and its variations. Certain commercially supplied lightning warning devices have proved to be less than satisfactory - and the shortcomings
discussed for the flash-counter networks under 3.2.1.1.1 also apply here; we have not
yet reached the stage where we could supply a safe and easily applied instrument.
However, there is little doubt that it can be done; a clearer definition of the needs
and of acceptable limits plus a reasonable amount of aimed research should provide
what is needed.
To detect cloud electrification which is sufficient to trigger lightning before the first lightning occurs, or after such lightning activity stops - the
arrangements made at Kennedy Space Center should be studied:
an array of field
measuring stations with central data acquisition. Repeated flights with aircraft
equipped with field measuring gear along the base of the clOUd may also yield
information; this method avoids the point discharge attenuation and also some of
the distance (r 2 ) effects. Also, the cloud can be proved by small rockets which are
prepared to trigger lightning (sharp fins in the rear but spherical tip) while the
occurrence of sferics is monitored. We shall discuss such means later on in Section
3.2.1.5. The problem of detection of such clouds is clearly an unsolved one, but
some progress has been made since the Apollo-12 lightning incidents at the Kennedy
Space Center.
In the detection of incipient discharge within clouds, recent advances
have been made using the VHF hyperbolic systems. These systems work in the 30 MHz to
250 MHz frequency range and detect radiation sources to a remarkable degree of accuracy.
At these frequencies the sources are believed to be due to the micro-breakdown processes
occurring before the start of the lightning discharge proper. Procter (1971) has used
such a system successfully to trace out the complete physical pattern of breakdown in
the cloud, whilst at Cape Canaveral, on-line detection of sources at 30 MHz are displayed indicating the height and distance of individual discharges.
Such methods
show great promise for the development of protective systems for airports, launching
sites and explosives factories or magazines.
All the above methods have some merit in the prediction of hail and of
tornadoes - and may also promote research on charge generation.
Immediate warning
For some applications, the magnetic field generated by lightning might
prove to be more dangerous than the lightning current. Such applications seem possible
because of the increasing sophistication of electronics and computer arrangements.
The magnetic field may have a direct influence on magnetic memories of
computers, and other protection than shielding by mu-metal, etc. seems hard to imagine.
The magnetic field may also induce dangerous current in closed loops of electronic
circuits. Should this be the case, it might be found possible to give an instant
warning if we could detect any radiation coming from the stepped leader preceding
the return stroke of the lightning. We do not yet have such a possibility, but it
could perhaps be found (suggested by Brook, 1963). In fact, techniques capable of
doing this have been applied for obtaining daytime lightning photographs.

37
3.2.1.4

Lightning protection
In its broadest sense, lightning protection includes avoidance (i.e.

avoiding the endangered area by using prediction, see Section 3.2.1.2), prevention
(de-electrifying the cloud before it reaches the critical area, see below under
3.2.1.5), deflection (by providing preferential paths for the lightning by-passing
the endangered region) and reduction of danger (by preventing a striking lightning

hazard from spreading to a larger area).

This section deals with the last two only,

and this can be done briefly, because there are many books and brochures, articles
in magazines, regulations of governments or insurance companies for the bUilding

industry, etc.
Some of these books and brochures, however, fail to point out clearly
certain shortcomings of the most common means of protection (FaradaY Cage and lightning
rod). As indicated elsewhere in this Technical Note, the action of both a Faraday
Cage and a by-pass for the current of
lightning can be much less than desirable for
lightning protection. If a lightning stroke can transport more than 100 kA of current,
and the device to be protected cannot survive more than 100 mV (as some sensitive
modern devices do) the resistance should be less than one rnicroohm. That is the
resistance between two poi.nts of a lightning rod or the hull of a Faraday Cage to
which leads are connected which bridge the sensitive device.
So small a resistance
is, of course, beyond any practical possibility. More realistic are resistances of
10 -or 100milliohm, but they would allow voltage drops of one to ten kV, i.e. more than
even rugged devices or living beings could survive. This poses the electro technical
problem of avoiding as much as possible such paths for the lightning current as would
allow the current or part of it to reach the devices to be protected. We would still
have the problem that the high electric field connected with lightning and the magnetic
field generated by the rapidly varying lightning current may do damage.
Against the
electric fields a system of Faraday Cages may be sufficient (each Faraday Cage reduces
the field even in the presence of high current, thus two Faraday Cages, one inside the
other, would reduce the danger by the square of the reduction given by one), but
shielding against the magnetic field is much more complicated and expensive.
In addition, we must point out two more types of danger which are usually
forgotten, although there is the possibility that they are responsible for many or even
most of the fatal accidents. These two types can be explained in terms of two properties of lightning which are also either unknown or unconsidered by most people:
(1) While a lightning leader is coming down and approaches earth,
streamers may be going up from a multitude of points simultaneously which build up
potential differences between the ground and the point where they are entering the
air. This in itself, or the potential difference created by the lightning stroke,
may induce a condition in which lightning seems to jump from one grounding point to
others nearby.
This could also be caused by the fact that the top of an object struck
by lightning will have, for a small fraction of time, a very high potential versus the
ground, while the top of a nearby object is still at ground potential.
(2) Lightning current does not stop where lightning enters a ground or
a water surface; it continues in the soi~_ or water at full strength, creating voltage
differences according to the electrical resistance it finds in its path.
Even the
low resistance of water allows the generation of electric fields in the water of
several kV per metre.
If, in the ground, the current flows mostly along the surface
(perhaps because it is wet from rain and therefore a better conductor), again it
may cause voltage differences of 10 kV and more between two points one metre apart.
Such points may be found in some deeper parts of the terrain, in ditches, for example,
because there the surface soil is often a better conductor than at higher levels.
The first property becomes important when persons are standing too close
to each other or to some other protruding object. The lightning may "jump" from one
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person to the next and multiple fatalities have thus occurred. This is probably also
a reason for multiple killings of livestock by single lightning strokes. Cases have
also been known in which several persons in a group were rendered unconscious and had
severe burns without being actually struck by the lightning; a possible cause may have
been the upgoing leader.
The second property Can be fatal for a multitude of persons if they are
touching the ground along the surface path of the continuing lightning current;
especially if they are lying on the ground or standing with their feet apart.
Since Meteorological Services have, in the past, rightfully considered the
issue of recommendations for lightning protection as part of their duties, it is up to
the community of atmospheric electricity to ensure that such recommendations contain
these special reminders:
Do not stay close together (minimum distance your height
above ground); do not lie on the ground or touch more than one point of it (if
possible crouch down or, at least, kneel down with knees and feet together and not
in a ditch or depression).
Further suggestions are made in a report compiled by K. Berger with the
help of experts from several countries which should be considered as obligatory
information material for Meteorological Services, with the aim of making its statements and recommendations known to the general public, and in particular to such
endangered groups as boy scouts, hunters and fishers, fire wardens, farmers, soldiers.
As mentioned above, this report has already been distributed to WHO Members.
Mention
should be made here of the lightning hazard to airborne vehicles.
This field has been under close investigation for several years - in particular in
connexion with the proposals to replace the metallic fuselage of aircraft by nonconducting or less-conducting or partially less-conducting materials.
It is probably
prudent to watch this on-going development without drawing premature conclusions.
However, even with a metallic fuselage,. large potential differences inside the aircraft can be generated by themanykA of lightning.
We may also mention, without further discussion that many forest fires
are ignited by lightning, resulting in heavy losses.
Lightning prevention
We start with a cautionary remark concerning claims that certain
relatively simple devices installed at the ground at or near the apparatus to be
protected may discharge a thunderstorm cloud fully or partially. Such devices
sometimes have proved to be very successful in the past in making their sellers
rich; success in terms of thunderstorm de-electrification has, however, been zero.
The devices are usually generators for electrons or ions of some sort, and it is
claimed that the ions would travel to the thunderstorm cloud and would either discharge the electric charge of~ the cloud to ground before it can become dangerous, or
increase conductivity inside the cloud to prevent the generation of high voltages
there. Against such claims are the following facts:
electrons in the atmosphere
lose their high mobility within a time span of less than a microsecond because they
attach themselves to atmospheric molecules and become negative ions.
Ions, both
positive and negative, have mobilities of less than 2 x 10-4 m/s for each volt per
metre of electric field which moVes them (i.e. less than two centimetres per second
for each volt per centimetre). They are therefore" not very fast. They are also
moving with the air, and any wind will drive them.
In addition, ions of these
mobilities have a limited lifetime.
In very clear air, the lifetime may be more
than one hundred seconds, in aerosol-laden air (and cloud droplets are aerosol
particles in this sense), this lifetime is much reduced, to 50 seconds or less.
After that time, the ions are caught by aerosol particles and their mobility is
reduced suddenly by several orders of magnitude: and cannot be moved by an electric
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field. The production rate of ions by the devices offered should be considered with
caution. A radioactive tip of a lightning rod, for example, will produce ions only
along a distance of less than ten centimetres of air, because the generation of ions
of any number is practically restricted to the alpha rays which do not penetrate air
further than a few centimetres. A similar precaution is suggested with regard to any
other ion generator supposed to act a8 lightning preventing apparatus.
Caution is also recommended with regard to claims by persons operating
lightning-sensitive installations that one of the devices hinted at above has actually
reduced or prohibited any further lightning damage. Sometimes, the protective
characteristic of lightning rods has been improved at tDe time of the installation of
such devices; so that lightning may still occur but i~ not noticed because the damage
has been prevented. In general, people selling these devices may count on the "erratic"
statistics of lightning strokes in much the same way as the village sorcerer could
count on statistics to demonstrate his success in healing illnesses.
The methods for :ightning prevention discussed in the following paragraphs
are more complex than the devices discussed above, but they are also more realistic.
They have the potential to do the job, and in some cases have already provided good
evidence of success, based on careful and sound testing.
Two tried methods for lightning prevention are: de-electrification of
clouds before potentials reach differences sufficient for lightning occurrence or
lightning triggering; and drainage of ch~rge by inducing lightning strokes at places
where they do no harm.
The first method (Weickmann,1963; Kasemir and Weickmann, 1965; Kasemi~ 1973;
Kasemir,1974; Holitza and Kasemir,1974; Kasemir, Holitza, Cobb, and Rust,1975) uses a
large number of cha~f fibres dispersed from an aircraft inside or beneath a thundercloud. The fibres are hairlike conducting threads of about 10 em length and 25 ~m
thickness which emit. corona discharge at their tips in the electric field of the
cloud. In a 60 kV/m field the corona current of the individual fibre would be 1 ~A
and would increase proportionally to the square of the field. A million fibre
contained in 1 to ~ of chaff would generate a net corona current of 1 A which will
increase rapidly with an increase of the field. As about 1 A of the current produced
by a thunderstorm is necessary to feed the lightning activity, the net corona current
will easily reach the same order of magnitude at a field which is substantially lower
(about a factor 8) than the lightning igniting field.
We could explain the lightning suppression effect by saying either that
the large number of ions liberated by corona discharge increase the conductivity and
therefore reduce the field, or that the ions representing a space charge of opposite
sign to the cloud charge neutralize the cloud charge or compensate the thunderstorm
field. These explanations are over-simplified; the whole mechanism is more complex
and several aspects of it need further investigation and clarification. Field
experiments were carried out in Colorado, U.S.A., during 1972 and 1973 to study the
influence of chaff seeding on (a) the electric field at the base of the_cloud, and
(b) the lightning activity of the storm. The results showed that a field at the
base of seeded s~orms of about 50 kV/m decayed five times faster than that of nonseeded control storms (Holitza and Kasemir, 1974), and that the lightning activity
after seeding was reduced to about 1/4 of the activity of the non-seeded control
storms (Kasemir, Holitza, Cobb, and Rust, 1975). An important aim of the chaff-seeding
experiments was to develop a method of lightning suppression which will prevent lightning-ignited forest fires.
The second method for discharging a cloud temporarily by artificially
triggered lightning discharges aims to provide a de-electrified window in an electrified cloud through which rockets can be fired without triggering lightning discharges.
The best-known incident, which emphasized research in this direction, was the lightning
strike to the U.S. moon rocket Apollo-12 during its passage through an electrified
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cloud.

The pioneer work of this research was done by M. Newman and co-workers

(Newman, 1965; Newman, Stahman, Robb, 1967; Newman, 1969a; Newman, 1969b) who
triggered lightning discharges by firing a rocket with a trailing wire towards an
overhead thunderstorm. The rocket was fired from a ship and the wire remained
attached to the ship's body so that the lightning entered the ship at the tie-point
of the wire. The rocket did not have to reach cloud base to trigger a lightning
discharge. Several hundred meters above sea level was often sufficient for suooessful trigerring. Sometimes a high voltage pulse was sent up the wire when the rocket
reached apogee. This pulse initiated a small initial discharge streamer which then
continued to grow.into a lightning discharge in the electric field of the storm. The
field concentration on the tip of the long slim conductor, represented here by the
rocket and wire, was used to raise the moderate field underneath the cloud to a value
above the breakdown level. Out of 23 attempts with this method 17 lightning strokes
have been triggered.
The rocket with a trailing wire used successfully on the ocean may be
restricted on land to military test ranges where the impact of the rocket can be
tolerated and the wire, if not burnt up by the lightning flash, will not short-out
power or telephone lines. For land use another version on the same principle has been
proposed by H.W. Kasemir (1971) using a high tower. It is well known that high and
exposed towers are struck more often by lightning than the surrounding area. Probably

a large number of these lightning strikes are initiated at the tower itself.

To

increase the lightning triggering capability of the tower it should be topped with a
drum-like body several metres in length and thickness. The purpose of this body is
to prevent corona discharge and to provide a storage capacity for the induction charge
from which the initial streamer can be fed until it can draw enough energy for continuous growth from the cloud field. The lower part of a thunderstorm moving over such
a lightning tower may be discharged by this method. The method has, however, not been
tested experimentally.
Lightning has been triggered inadvertently by wire-guided small missiles
in Germany, and deliberately by the Electricite de France by a wire-trailing rocket.
Small rockets without a trailing wire have been used to trigger lightning
inside the thundercloud (Kasemir, 1974, 1971). Fifteen rockets were fired into regions
of five storms where the field at cloud base exceeded 60 kV/m. The rockets were launched
in groups of two to four with one minute between consecutive launches. Sometimes it
took three rockets to trigger three successive lightning discharges until the cloud
was discharged. No lightning was triggered by the fourth rocket. Sometimes one rocket
was enough to discharge the cloud and the second rocket failed to trigger a lightning
flash. This research is still in a preliminary stage. The difficulty is to locate
the high field region in the cloud and to determine what part of the cloud is discharged
and to what extent. The use of unmanned aircraft instead of a rocket has been
suggested.
We do not discuss here non-electric means to prevent the build-up of
electrifying cumulus systems, for example by cloud seeding. Experiments to do this
have been made and will continue, but the subject does not come within the scope of
this document until we have results which invite comparison with electrical methods.
Also, we are not entering into a discussion whether or not a large-scale or general
cloud de-electrification would be desirable. It could lead to undesirable environmental
effects.

3.2.1.6

Appraisal of lightning and related domains as meteorological
parameters

In this Section (3.2.1), we already have a domain in which atmospheric
electricity concepts and methods are ready or nearly ready for applications in meteorology. We claim that these applications are genuine and important, although we know
that not all meteorologists will agree with us. We would ask them to reconsider their
opinion.
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Replacement of the old meteorological notation of the "day with thunder
heard" by an objective method is· long overdue. The fact that general agreement on the
method to be applied is not yet in view is, as we see it, only a consequence of the
fact that this goal has not been stressed with sufficient energy and with persistence
otherwise the remaining technical problems would probably already have been solved.
Part of this lack of motivation is due to the absence of a claar definition of the
needs. We believe that in this instance the first step is up to the meteorologists:
until they agree on a clear, meaningful and thorough definition
of the needs, the
atmospheric electricity community is lacking the necessary guidance. We admit, of
course, that powerful interests make such a general, international agreement a
difficult one.
The operational forecast of lightning is a possibility which only needs
a little more development to be realizable with the expectation of a satisfactory
percentage of accuracy. One system is in operation, on a trial basis, in the area of
the Kennedy Space Center in Florida; the development needed is largely to be directed
towards a less expensive, more automated and easier to maintain system which could be
installed near a large variety of sensitive operations.
It waS always the aim of the CIGRE Group on Lightning to pass its findings
over to the meteorologist (in particular concerning lightning flash counters) and the
time is probably right to discuss this point. Lightning flash counters of the CIGRE
type (originally Pierce-Golde) have been used by several countries over the past 10
to 15 years and maps have been drawn. In South Africa an installation of 400 modified
types with vertical aerial and 10 kHz response frequency is about to be undertaken.
Since a programme of measurement takes at least ten years, there is merit in starting
early with measurements, and the counters are now sufficiently robust, simple and
cheap to be of value in this regard. The problem is more that of man-power to read
counters daily - and this can be achieved by co-operation between various authorities
such as the electricity supply and communication industry.
The question of calibration of the counter (determination of its effective
range to cloud and ground flashes) has been worked out and can also be undertaken by
the meteorologist. Having once got a network of counters in operation other observations become of possible interest, namely the duration, starting and finishing times
and rate of flashing for thunderstorms. If field measurements are also undertaken
more data on a global scale are made available for comparison.
To summarize:
1.

Lightning flash counters can now be used to indicate the lightning
ground and cloud flash density; any counter is satisfactory provided
it has been calibrated in the situation in which it is to be used.
However, counters having short effective ranges less than, say, 20 km
are preferable; it is easier to observe their operation and they
do not integrate over too large an area.

2.

Additionally counters may be used to determine other thunderstorm
characteristics for global comparisons (their starting and finishing
times and their duration as well as the number of flashes per
thunderstorm and the maximum rates of flashing). Agreement is
needed on the definition of the start and finish of storms.

3.

Counters to count positive and negative flashes separately have
been developed and can now be employed to determine global
differences.
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4.

Field mills and other devices to monitor the atmospheric electric
field of both polarities (sign, magnitude, duration of fields larger
than a threshold, etc.) can be used at a point - useful for global
comparisons but also a prerequisite to the design of warning systems.
Likewise, the times and duration of thunderstorms Can be obtained,
also the charging rates in clouds after flashes have occurred.

5.

A combination of counters and field mills can be utilized for
warning systems, or counters alone in some cases. More sophisticated
warnings for special situations can be made using VHF hyperbolio
systems preferably on-line.

In the field of lightning protection, a striking gap is visible. Almost
without exception, official guidelines to the public issued by weather services and
others do not contain information which has, in part, been known for several decades:
the continuation of the lightning current in ground and water; the ability of the
lightning channel to jump and to hit several points in one flash; the intensity and
the potential danger of the magnetic field of the lightning; the fact that the "cone
of protection" is not an absolute protection; the differences between land and sea and
several more. A co-ordinated discussion between Meteorological Services and selected
scientists from atmospheric electricity would probably be most helpful to close the
gap - and essential improvements Can be had now.
A field in full investigation which has much promise is that of lightning
prevention. Because of the high economic potential, care must be taken to assure
solid, sound and supervised research. Here, the present-day meteorologist may assist
research by providing aircraft and other support. He should watch the development and
stay in contact with the researcher -- but caution against premature application is
here appropriate as it is in other fields of weather modification.
In conclusion: we see a number of fields in which atmospheric electricity
is ready to assist, a few in which a well planned development promises to arrive at
this stage within a few years, and others in which the scientist is still fully
occupied with research but with sufficient promise to keep the meteorologist interested
in the outcome.

3.2.2

Rain gush

Meteorological observations from the time of Lucretius tQ the present day
contain frequent references to the lI ra in gush after lightning", an effect in which
heavy precipitation, usually rain and sometimes hail, follows shortly after a nearby
lightning discharge. Recent radar observations (Moore et al., 1964) have provided
new detailed information on this phenomenon. They show that prior to the lightning
discharge the precipitation rate is often very low, only a few millimetres per hour.
In less than a minute following the lightning discharge, however, there is a sudden
increase in the radar reflectivity indicating the formation of a region of high
preoipitation rates of the order of 50-100 mm per hour. This precipitation falls to
the earth as a heavy gush of rain.
The close association between the gush of precipitation and the electric
discharge leaves little doubt that electrical influences are playing an important
part in the fall of precipitation. Opinion is at present divided on the nature of
the relationship between the lightning discharge and the precipitation. One view is
that the lightning discharge is causing a greatly accelerated production of precipitation under the influence of electrical forces (Moore et al., 1964). Others (Levin
and Ziv, 1974) contend that the gush of rain results when.electrically levitated
drops are permitted to fall by the sudden relaxation of the electric field produced
by lightning.
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The generally recognized fact that much of the rainfall necessary for the
production of the world's food is derived from thunderstorms indicates the possible
importance of thunderstorm electricity and the lightning discharge to man's existence.
The fact that the heaviest rainfall rates that have been observed occurred in a
thunderstorm further indicate the probable importance of electrical interaction in
the formation of the earth's precipitation and as a consequence in the global
meteorological process (Engelbrecht and Brancato, 1959).
Droplet coalescence
Subsequent to the review by Lathan (1969) of the extensive information
on the collision efficiencies of cloud droplets in the presence of electrioal forces,
little work has been performed which relates to the possibility that the coalescence
process may be promoted electrically. However, some "best estimates!' of collision
efficiencies, including the influence of charges and fields ranging from zero to
those found in mature thunderclouds, have been made by Sartor (1970) and incorporated
into calculations of instantaneous mass accretion rates of the full range of cloud
drop and raindrop sizes, an embryonic hailstone, and two larger hailstones. The
implication drawn from these calculations is that instantaneous particle mass growth
rate in the continued quasi steady-state phase of precipitation growth in mature
thunderstorms or electric fields of several tens of kilovolts per metre can be speeded
up by more than an order of magnitude by electrical forces when all particles involved
are less than 100 pm. The effect decreases with increasing particle size~ It seems
reasonable to conclude that although the electric fields are too weak in the early
stages of cloud development to promote the coalescence process they may well be
sufficiently intense in the mature stage of highly electrified clouds to increase
appreciably the rate at which large precipitation particles are being formed.
Some very interesting experiments have recently been reported by Neiburger
and LobI (1974). These workers, using the wind tunnel of the University of California
at Los Angeles find that when great precautions are taken to exclude electrical effects,
the collection efficiencies of droplets for each other are much less than predicted by
classical theory a
They suggest that electrical forces may be of crucial importance
in the production of rain by coalescence in clouds. It will be of great interest to
see if these findings are borne out by more detailed investigation.
A stimulus to some studies of the effect of electrical forces on the coalescence process has been the radar reflectivity observations of Moore and Vonnegut
(1960)~ They estimate that the collision efficiencies of raindrops in highly electrified clouds are four to ten times those normally observed and computed in the
absence of electrical forces~ However, their interpretation of the radar data has

been challenged by Brazier-Smith et al. (1973) who argne that it can be explained
entirely in terms of non-electrical cloud microphysics~ Further discussion of this
question by Moore and Vonnegut (1973) has resulted in a rather fluid situation in
which it is possible neither to confirm nor deny categorically that there exists
observational evidence demonstrating that the rate of rainfall development can be
significantly affected by electrio forces. Vonnegut and Moore (1960) and Moore et al.

(1962, 1964) observed gnshes of rain or hail following lightning flashes in thunderclouds within even shorter periods of time~ They proposed that in this situation
drops in the vicinity of the lightning channel become highly charged by the capture
of fast ions and then travel at high velocities in the intense local fields to collide
and coalesce with numerous unoharged droplets in the surrounding regions of the cloud,
thereby attaining precipitation dimensions with extreme rapidity~ At present no
definitive experiments have been performed to test this interesting and plausible
hypothesis~

Brazier-Smith et a1. (1972), as a subsidiary part of investigations into
the coalescence of colliding drops in the radius range 150-750 pm, studied the influenoe
of charge carried by the drops on their coalesoence efficiencies. In some circumstances
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appreciable increases were found, as had also been reported by earlier workers in
less controlled conditions. For example, the coalescence efficiency of equally sized
drops of radius 500 pm colliding with a relative velocity of 1.5 em sec-1 was 0.2
when their charge was zero, inoreased steadily to about 0.45 as their equal and
opposite charges were raised to 3pC and then remained constant as the charge was

increased further.

As expected, the effect of the charges was found to be greater

for lower velocity interactions.

A real but minor effect of electrical forces in

enhancing the coalescence efficiencies of raindrops will therefore be to reduce the
rate of increase of precipitation intensity within clouds and the loss of water by
evaporation as a rainshaft falls from cloud-base to the ground.
Latham (1969b) conducted some field studies in Yellowstone Park of the
effect of electrical forces on the growth of liquid and solid cloud particles by
coalescence, accretion and aggregation. It was found that electric fields could
exercise a marked influence upon the growth rates of ice particles exposed to ice
crystals, ice spheres exposed to supercooled droplets and water drops exposed to cloud
droplets at temperatures warmer than oOe. In all cases where the measured growth in
the presence of a field was significantly different from that in the absence of a
field the function of the field was to accelerate the growth rate. The afgregation
of ice crystals was found to be unaffected by field E below about 50 kVm- but the
growth rate increased rapidly as E was increased above this value and attained about
twice the field-free value at 150 kVm- l • In view of the large size of the ice crystals
the primary effect. of the field was probably to increase the aggregation efficiency,
not the collision cross-section.
Latham and Saunders (1970) have made detailed laboratory studies of the
aggregation of ice crystals of mean diameter about 5 pm upon an ice sphere of diameter
2 mm at the same temperature. The growth rate was found to be roughly independent of
temperature over the range -7°C to _27°C and increased with electric field strength E
to exceed the field-free value by about 15 per cent, 40 per cent, 80 per cent, in
fields of 50, 100 and 150 kVm- l • At higher values of E the growth-rate was reduced
because of the ejection of clusters of ice crystals from the aggregate, probably under
the influence of the intense electrical forces. An appreciable amount of aggregation
was observed at temperatures as low as -370C, in the presence or in the absence of
electric fields. Absolute values of collection efficiencies at a velocity of 3m sec- l
were determined at the temperatures -7°C, -lloC and -27°C. In the absence of an
electric field collection efficiencies of about 0.3 were determinea at all temperatures
studies. Experiments with charged ice crystals indicated that electric fields increase
the growth rate "by increasing the adhesion efficiency and not the collision efficiency.
There appear to be two areas where the inter-relation between the cloud
microphysics and electrical forces could be of practical use.
Dispersal of warm fQgs from airports, motorways and other regions of high
traffic density could be of great commercial benefit. Techniques that have been
employed, such as burning of fuel and introduction of ~alt, have not been very satisfactory because of problems such as expense, corrosion and the cumbersome nature of
these operations. Recent and continuing experiments in Manchester, based on earlier
work conducted elsewhere, has demonstrated that instability leading to dissipation
may be induced in fogs by the introduction of highly-charged droplets. The coalescence
process is greatly enhanced, thus triggering the production of drizzle drops.
Although not directly concerned with coalescence it seems worthwhile to
emphasize the benefits that could accrue from a thorough understanding of the reasons
for cloud electrification leading to lightning. Serious economic losses result from
forest fires initiated by lightning strokes to ground. If the mechanisms responsible
for the growth of strong fields could be established one might then be able, in a
scientific manner, to modify the cloud in such a way as to reduce lightning intensity
or decrease the proportion of flashes which are to ground. This possibility seems to
me to be a major reason for initiating a new Thunderstorm Project.
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Atmospheric electrical conductivity and meteorological processes
Various suggestions have been made of the way that the magnitude of the
local electrical conductivity of the atmosphere or of the whole local resistance
between ground and ionosphere in a particular region may influence electrification
processes in clouds.

1885;

To quote a few:

Gockel, 1915;

C.T.R. Wilson, 1929; G. Grenet, 1947;

Kellogg, 1975;

Elster

& Geitel,

Mason, 1962.

The atmospheric electric conductivity in turn depends on a variety of

causes in addition to the original ionization processes by natural radioactivity and
cosmic radiation. Consequently, we are facing a complicated picture from which
conclusions may be drawn which at present can only be qualitative and rather unoertain.
One of the important interaotions between man's activities and the atmospherio processes is the effeots he produoes on the population of ions in the lower
atmosphere. It has been clearly established both by theory and experiment (Chalmers,
1967, and Israel, 1970) that the enormous quantities of aerosol particles released as
a result of man's activities involving combustion and high temperatures have widespread
effects inreducing the electrical conductivity of the atmosphere. This occurs because
the concentration of fast ions is reduced as the result of attaohment to the aerosol
particles. Observations such as those of Cobb and Wells (1970) indicate that as a
oonsequence of this effect, the electrical conduotivity of the atmosphere in the
northern hemisphere has been significantly reduced.
The impact of man's activities on the ion population of the atmosphere
may also be seen as a result of the radioactive materials being released into the
atmosphere from nuclear explosions and the operation of nuclear power plants. These
activities involve local increases in fast ion concentration as the result of fallout
(Huzita, 1969) and widespread effects covering the entire globe produoed by the release
of inert radioactive substances such as Krypton 85 (Boeck et al.,1975).
In addition to the effects of man-made aerosols and radioactivity there
should be included the strong electrical effects produced by dust storms arising from
man's widespread agricultural and grazing activities, the local electrical effects
resulting from electrostatic precipitators, and the high rate of ion production that
occurs during thunderstorm conditions from tall structures, such as skyscrapers and

TV antenna towers (Vonnegut, 1973).
Although there is still no consensus concerning the primary mechanisms
responsible for the electrification of clouds, it is generally agreed that the manmade perturbations we have described in the ion concentrations in the atmosphere may
be expected to exercise an appreciable effect on the formation of charged regions
within clouds. If, as some meteorologists are now beginning to believe, electrical
interactions playa significant role in the microphysical processes in clouds, such
as the growth of precipitation or in the production of aerosols, it may be anticipated
that manls electrical interaotions with the atmosphere can produce significant changes
in meteorological processes and olimate.
Cirrus cloud formation
Phase transition processes of water vapour into its liquid or solid state
occur either homogeneously (in the absence of any substances other than water vapour
molecules) or heterogeneously (involving pre-existing " surfaces ll such as particles called condensation nuclei - or ions).
It is a standard assumption in meteorology that there are always enough
particles
(condensation nuclei) in the lower troposphere to warrant a smooth phase
transition whenever and wherever the relative humidity of water vapour with respect
to its liquid surface exceeds 100 per cent.
Since the total number of particles
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usually decreases with altitude and simultaneously their size distribution and conceivably their chemical composition changes, the presence of ions can playa dominant
factor with increasing altitude as the initiator for the phase transition of water
vapour.

The chemical expression for the droplet formation energy contains one

bulk term (I), one surface term (II) and one electrostatic term (III)
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It- is obvious from the above equation that the heterogeneous phase transition involving ions is energetically more favourable than the respective homogeneous
process (term I and II only). Hence Ilion nucleation ll covers the meteorological transition regime between low and high ambient supersaturation in which there are not
sufficient particles present nor has the ambient supersaturation reached a level high
enough for spontaneous homogeneous phase transition.
Our knowledge of water vapour condensation on pre-existing particles larger
than 0.05 Jl radius as function of size and chemical composition (soluble or non-soluble)
is rather advanced: theory and experiment are in acoeptable agreement. Unfortunately,
this does not hold true for ion nucleation and homogeneous nucleation. Important
parameters such as ion radius and surface tension, respeotively, are unknown. Moreover, we have reason to believe that they are a function of ambient gas composition
and temperature. They, therefore, are- a funotion of altitude and geographical location.
The heterogeneous phase transition theory for pre-existing particles with radius smaller
than O.Olp (10 nm) suffers similar limitations: here, too, the surfaoe tension is unknown. This means that we are unable to predict the droplet formation energy and
therefore the oritioal supersaturation at whioh ions initiate the water vapour phase
transition and plaoe this critical value in proper perspective with the competing
process involving neutral pre-existing particles as a funotion of their size and ooncentration.
Laboratory experiments yield values between 300-500 per cent relative
humidity for ion nucleation, but these results must be viewed with extreme caution.
It is, however, safe to assume that ions can playa role in cirrus cloud formation.
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Meteorologists normally do not inoorporate ions (or even particles) in
weather prediction, mainly beoause direct or indirect cause-effect relationships have
not been clearly identified, or the effects are too small to have a bearing on the
overall aspect of a particular weather system. But progress in this field will be
hindered if the view prevails that ion-weather relationships should not be taken
seriously simply because the meohanism involved in explaining them are not yet
identified. There is some observational evidence that the ion concentration in the
upper troposphere and in the stratosphere varies significantly, by 1-2 orders of
magnitude. This means that either the ionization intensity at a certain altitude
and geographic location or the meteorological transport of air masses with different
ion concentration varies as a function of time. However, no concentrated efforts have
been made to observe any ion characteristic (total number concentration, chemical
nature, mobility, etc.) on a synoptic basis or to relate the existing ion data (from
altitudes upwards where cirrus cloud formation occurs) to any geophysical event. A
link between ions and cirrus cloud formation is suggestive and would immediately
expose ions as an integral part in weather and climate via the atmospheric radiation
(heat) budget. It is this process which is offered as one of the meohanisms in sunweather relationships (response of the lower atmosphere to solar phenomena): the only
lower atmosphere geophysioal process that is known to have a large variation with solar
activity is the ionization (and molecular dissociation/excitation) due to galactio (and
solar) cosmic rays. It is also speculated that incoming solar particle streams assooiated with geomagnetic disturbances and auroras cause increased" ionization at or near the
300 mb level. The accumulated evidence seems to be so compelling that it is no longer
possible to deny the existence of strong connexions between the weather and radiation
changes associated with a whole range of solar phenomena.
Inadvertent man-made weather modification as a result of changes in the
lower atmosphere ion concentration cannot be rejected at this time. There are reports
that the Canadian electrical power distribution system appears to trigger VLF emissions
in the magnetosphere. Such emissions induce electron precipitation, hence a change in
the ionization intensity. There is also the possibility of increased release of
Krypton 85 into the atmosphere from nuclear energy production, etc. This rather inert
gas will eventually disperse up to stratospheric levels and raise the ionization level
and hence the ion concentration throughout the lower atmosphere. The effect of this
increased ion conoentration in the lower atmosphere (increased conductivity), on cirrus
cloud formation, temperatures (heat budget and tropospheric cirCUlation), atmospheric
electric fields t thunderstorm activity, and rainfall do not appear to be clearly kno'vn
at the present time.
As already indicat~d, the influence of ions on cloud formation is by no
means clear, and it is not suprising that some scientists fully deny such a possibility
at the present time.
Ions and atmospheric chemistry
Following the ionization event in the atmosphere (caused by ~J ~J
~
radiation, cosmic rays, electrical discharges, etc.), the initially formed positive
and negative ions will undergo a sequence of so-called ion-molecule reactions (charge
transfer, proton transfer, molecular switching reactions, etc.). Ions reflect in their
chemical nature the gaseous environment with which they are in collisional interaction
and in a pseudo equilibrium. Any change in ambient temperature, water vapour concentration, trace gas composition, etc. will have to re-establish the molecular structure
and composition of these "cluster iansl! - more commonly referred to as the atmospheric
small or fast ions. The continuous interaction of ions with atmospheric trace gases
(including water vapour) provides a reaction path in atmospheric chemistry which is in
competition with all other reaction mechanisms known in atmospheric chemistry. The
presence of a central charge will enhance the collision probability with those trace
gases that have a permanent dipole or are polarizable. The fact that atmospheric ions
are "clusters" of several molecules offers the possibility for chemical reactions to
occur between molecules attached to the ion (molecular rearrangements, ion induced
"catalytic" reactions). There are several laboratory identified reactions that tend
to support the importance of ions in atmospheric chemistry.
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Ion-induced aerosol formation. It has been observed that ions can slowly
grow into large clusters in the presence of sulphur dioxide, ammonia and water vapour.
This growth process is observable by means of a corresponding decrease in the mobility
of ions and a mass increase verified in a mass spectrometer. The chemical structure
is postulated to be
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The indices n, m, 1, k .• i, j, p denote the number of molecules attached
and are very sensitive to temperature and concentration of the gases involved. The
forma tion of "molecular building blocks" [(NH,) 2 so 2J involves molecular rearrangement of molecules clustered around the ion, and occurs at a much slower rate than is
usually found for ion molecule reactions. This cluster growth into detectable
particles (sizes larger than 1.5 nm radius), however, does not involve a nucleation
barrier and hence is not dependent upon a critical supersaturation.
Ions colliding with low volatility gases such as H SO (resulting from
2
gas phase oxidation of sulphur dioxide) organic acids
(result~ng4from
the reaction
of organic molecules with 0 , OR, O. etc.) will permanently attach to the cluster ion
and slowly allow it to grow 3 into detectable particles. In the absence of " sufficient ll
numbers of pre-existing particles that could act as condensation centres for all low
volatility gases in the atmosphere, ions can act as their sink. Ion-induced aerosol
formation processes, nucleation processes, and condensation processes on pre-existing
particles do not exclude each other, but compete with each other. This role of ions
is potentially very important at higher altitudes, in the upper troposphere and
stratosphere. It is currently postulated that ions can also provide a sink for those
neutral reaction products that result from the decomposition of natural or anthropogenic halo carbons (HCI, CI, CIG ,etc.). This heterogeneous removal process would
reduce their potential impact on the ozone layer and hence provide a direct link
between ion and ozone chemistry with all the resulting implications on radiation
budget and climate.
At this time, no direct experimental verification of any of the above
cited hypotheses has been made at upper tropospheric or stratospheric levels. But
those measurements deserve utmost priority. It should also be experimentally verified
that, upon recombination of positive and negative cluster ions, the resulting neutral
particles remain stable.
Castleman (1977) points out that the molecular aspect of ion-clustering
must be elucidated in order to further our basic knowledge concerning their role in
atmospheric processes; it is also mentioned that ions lower the barrier against
nucleation.

3.3

Examples of tracing possibilities. (a) general and tlfair-weather"
situations
General remarks. remote sensing and in-situ tracing
General remarks

We discuss here the fact that meteorological processes and their results
usually have an influence on the electrical parameters in the atmosphere; they change
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them.

Accordingly, one may expect that by measuring the electrical quantities and

by considering their variation, information can be obtained on the controlling

meteorological parameters. Since the atmospheric electric vertical current comes
down from the ionosphere to ground, it contains information on the whole atmospheric
column above a station; also the electric field extends beyond the source of electric
potential - these two characteristics of atmospheric electricity lead easily to
remote-sensing applications under certain oonditions which determine the difference
between (electrically) fair and disturbed weather; other electrical. parameters, in
particular conductivity, space charge and maybe ~otential, are available for in situ
measurements; again depending on the (electrical) weather situation.
We have to distinguish between fair-weather situations and disturbedweather situations. The criteria for this distinction are electrical ones and may
sound strange to the meteorologist, but it is obvious that this distinction must be
made. In fair-weather, in the atmospheric electricity definition,
the action of
any local generator is very weak or completely absent~ This includes the so-called
" aus tausch" generator and, at times, a land-and-sea breeze system. In this case we
deal with the global electric circuit, and the prime element is the current flowing
vertically downwards from the ionosphere to ground and being in the order of a few
picoamperes per square metre~ Electrically-disturbed weather, on the other hand, is
characterized by an often relatively strong action of local electricity generators,
and their output quickly becomes so strong as to blanket the weak fair-weather current.
Such generators are natural (space charge moved by the wind, for example) or man-made
(such as the emission of electric space charge by a factory chimney), and are usually
to be found in most types of cloud. Any form of charged precipitation constitutes
such a generator to a degree, and so do fog, drifting snow, blpwing sand, sea-spray,
the emission of electric charges from white-caps in the surf, forest flres and 1 of
course, cumuliform clouds and some stratiform clouds. Because of their relatively
strong electrical outputs, ,either different instruments are to be used for them, or
other measuring ranges of the fair-weather instruments.
In the fair-weather case, the remote-sensing pGssibilities (as far as they
will be implemented by an evaluation of the air~earth current density) suffer from one
unique shortcoming at the present time: the magnitude ·of the air-earth current
density depends (correct measuring methods assumed) on both the ionospheric potential
and the columnar resistance. The meteorological processes (including austausch; even
if the generator effect is weak) do influence the_ columnar resistance, -and in order
to assess such influences in an unambiguous way we must have information on the ionosphe~ic potential.
Measuring methods to gain that information have been devised.
~f they could be applied more routinely, the meteorological influences on the columnar
resistance and thus on air-earth current density could be assessed more often, more
reliably, and more usefUlly.
Fair-weather remote sensing
The prime element in fair-weather remote sensing is the air-earth current
density. It is often replaced by the electric field or potential gradient, and such
substituting will probably continue as a practice for a while, but this reduces accuracy
and interpretability. By far the best method is to measure air-earth current density,
electric field and conductivities simultaneously and to constantly determine the
degree of fulfilment of Ohm's Law ( n ); it is the only method to prOVide information
on the reliability of the air-earth current determination. From the measured airearth current density, and the supplied or estimated potential of the ionosphere,
the columnar resistance is derived, which contains meteorological information from
the atmospheric column aloft. It is only one parameter, but it contains much information in its slow and rapid variations, their frequency, their wave-form, and the interplay of several over-imposed waves. While it is true that the whole air-column
influences the columnar resistance, most of it comes from the part within the exchange
layer, or the lower troposphere.
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A particular advantage of high-mountain stations is that they offer a
better opportunity to ac~uire the basic information on the variations of the ionospheric potential - but the application of this advantage re~uires much care because
of other influences.
The ratio of conduction current to displacement current varies along the
atmospheric column and, for this and other reasons, the amount of information can be
increased by adding aircraft and radiosonde measurements and certain types of measurement on high mountains to the ground measurements.
Examples of fair-weather remote sensing are included in some examples in
Sections 3.3.2 through 3.3.4 below. An early example has been reported by Dolezalek

(1958).
Disturbed-weather remote sensing
Prime elements in disturbed-weather remote sensing using the direct,
slowly varying atmospheric current are the electrio field (potential gradient) and/or
the current density. The reason why the electric field is to be considered as a
prime element here (and not under 3.3.1.2) is that the fields generated by charges
overhead or in the neighbourhood are covering, for the observer on earth, spaces in
which the conductivity does not change in the same sense as it does under fair-weather
conditions. Thus, a charge residing at the edge of a cloud makes itself observable
by the electric field as well as the current in the same way, variations in local
conduotivity being relatively small. We are not looking at the columnar resistance,
but at the distribution of potential as the essential element. This already implies
that disturbed weather is defined by the action of local generators, namely, of local
me~eorological processes transforming mechanical, thermodynamical and/or probably
chemical energy into electrical energy in the form of generation of electric charges
out of neutral particles, plus subse~uent separation of positive and negative charges
by non-electric forces. This simple definition certainly is correct, but it is vague
with respect to the limits: if the output" of "a local generator is very weak, it may
not be observed, and we could speak of fair-weather in the above sense, but this
generator may be extended geographically so much that the integrated action is important.
In this case, fair-weather areas may be the source of currents, especially
global currents. For our present consideration, however, this rather modern discussion
is not relevant and for it we may accept the definition given above.
Remote sensing of these characteristics finds fre~uent applications; a
central task being determination of cloud characteristics from remote sensing of their
electrical states and prooesses. - This problem is a double one; it is still problematic
to get clear results on cloud electrification remotely, and it is problematic how to
relate them to meteorological processes. In spite of extended effort, the problem of
cloud electrification is still unsolved, and the number of seriously" considered theories
seems to be even greater now than about ten years ago.
Fair-weather in-situ measurements
Prime elements for fair-weather in-situ measurements are conductivities
and space charges, and conductivities may be split into ion number densities and
mobilities or, even better, be replaced by the ion mobility spectrum. Supporting
elements are on one side ionization rate and aerosol content, on the other field and
current. It is very unlikely that extended experiments have ever been made including
all these possibilities with the purpose of studying the meteorological implications
directly; thus, writing them down indicates possible future improvements over and
above achievements available today. The following listing is based mostly upon actual
observations and demonstrations in the open atmosphere. A repeating feature in
scientific reports on these applications of atmospheric electricity measurements to
meteorological purposes is the statement that these measurements are sensitive, often
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muoh more sensitive than other methods. Also, in some cases, they have an integrating
nature by combining similar influences which sometimes may be traced individually by
special methods into one atmospheric electric element.
Since our knowledge of atmospheric ionization has been essentially modified
within recent years, some more background is probably necessary at this stage. If we
disregard any admixtures to the atmosphere and restrict the considerations at first to
the Standard Atmosphere with only the gases it contains, we expect that nearly all
positive ions are of the type

where TIt the number of water molecules attached, may vary quickly but assumes a
certain equilibrium value which depends, among other factors, on the water-vapour
content of the atmosphere. The negative ions, except for cases with a high admixture
of CO , are almost all of the type
2

and what has been said for n above holds also here. Varying n always means a rather
large variation in mass as well as in mobility, in particular-mobility since the
water molecules are attached in star-form and thus greatly change the collision
cross-section.
In the real world, if the actual deviates from the Standard Atmosphere,
for example, by a remarkable admixture of foreign gases, certain laws govern the
variation in ionization which results. Not all of the reaction constants are already
known, and in cases where they are unknown not even a qualitative picture may be
gained reliably. However, it is certain that the variations to be expected depend as
much on the amount of admixture as on its nature. Some radioactive gases may be able
to capture many of the electric charges to form stable ions, and they may have a
larger and stable mobility. With mobility spectrometry much insight may be gained.
If, as is usually the case, aerosol is mixed to the atmosphere, many ions
are attached to aerosol particles, and the average mobility (and with it conductivity)
goes down noticeably. I~ water-vapour content then increases, the diameter of some
aerosol particles increase as well; this increases their cross-section for ion capture
and thus further reduces conductivity. For these reasons, conductivity is a very
sensitive tool for measuring aeroBo] content, probably the most sensitive one, and
ion mobility spectrometry would considerably enhance the information in many Cases.
Admixture of radioactive gases, in particular Radon, enhances the ionization rate and thus conductivity, and again conductivity is a very sensitive tool.
Since aerosol content decreases conductivity, and radioactivity increases it, one
might expect that in a case where both admixtures may occur we would get ambiguous
results, which in principle is true. In practice, however, the possibilities may be
better known, so that at least a qualitative information may be obtained by conductivity measurements. With ion spectroscopy, of course, we are more likely to get unambiguous and quantitative results.
Space charge may be generated in several ways. To name just two: corona
discharge at high-voltage power transmission lines; drifting snow from high-mountain
ridges (Reiter, 1960a, 1970). If there is a point or a line source, space charge
parcels travel with the wind, and if the source generates fast-ion space charge it
will gradually be transformed into slow-ion charge. At the same time it will be reduced
by Coulomb attraction to the space charge of opposite sign or to the ground and moved
by the electric field and this particular motion will be different for fast-ion and for
slow-ion space charges. Slow-ion space charges are expected to have remarkable lifetimes and will stay for a long time within the air parcel.
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A very interesting type of space charge is that generated by the electrode
effect near the ground and moved upwards by eddy diffusion. It is easily traceable
over water surfaces, but it is assumed to exist also over land. Kasemir's concept of
the "austauch-generator" (Kasemir, 1956) and a similar description for the free atmosphere by Kohl (1968) have not been accepted without argument by other colleagues
but certainly point towards a possibility, and recent measurements during a solar
eclipse seem to confirm their findings (Dolezalek et al., 1972).
Disturbed weather in-situ measurements
Conductivity and space charge are important elements, as discussed above
for fair weather.
The electric field is added for the same reason as in the case of
remote sensing: disturbed weather is related to generative processes which create
potential differences and thus electric fields.

3.3.1.6

Two special examples

It is questionable whether the electric potential difference between earth
and ionosphere should be considered as an (electric) meteorological parameter in its
own right.
It is too early to know.
It may be that.it is at least a very good
indicator, perhaps part of a vehicle of solar-terrestrial relationships as are other
ionospheric features. Fora number of other examples in this chapter, this potential
difference is a much desired parameter needed for more reliable and accurate measurement of the local columnar resistance. Remarkable deviations from the equipotentiality
of the ionosphere (as seen from below) are of importance; they do seem to occur but we
should like to be able to predict them (location, direction, magnitude, covered area).
Some speculation that the ionospheric potential may be related to the
world-wide meteorological general situation has been suggested to me by Sivaramakrishnan and Mlihleisen. In the classical picture, the ionospheric potential is directly
related to global thunderstorm activity. Since much of this (and it is the most
effective part) occurs in the tropical belt and since thunderstorms are related to
strong vertical air motions, a relationship with the global general circulation may
be suspected.
Also, it has been proposed to use atmospheric electricity tracers for the
assessment of the meteorological situation in the tropics, where the concept of fronts
cannot be applied. Local events there have been seen as being significant for a much
greater area. Koenigsfeld, Freier, and Gherzi pointed to this speculation. Sivaramakrishnanhas mentioned electric
measurements related to monsoons. For tropical
maritime meteorology, including generation of hurricanes, typhoons, etc. with its
contribution by sea-air interaction, the fact that the exchange coefficient (energy,
mass) can be determined electrically on the ocean (HQPpel et al., 1971/72) is probably
significant.
Potential for monitoring aerosol and its vertical structure observation of inversions

3·3·2.1

Introduction

In reviewing the·conditions under which atmospheric electricity methods
may be successfully employed in air pollution monitoring, or might even close a gap
in the system of methods now common, we must consider the following:
there is no
potential, or hardly any, for atmospheric electricity methods, (a) where exclusively
gaseous pollutions are to be monitored, since atmospheric electricity parameters do
not react to such; and (b) where preponderantly high concentrations of dust or aerosol
particles are to be observed, as proven direct methods such as the weighing of exposed
filters, impactors, light scattering, and others will surely yield better and unambiguous results.
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It is a known fact that particulate emissions from industrial sources,
as a rUle, carry electric charges. Because these are largely a function of the
manufacturing process involved, of the method of filtering the crude exhaust, of
distance from the source, of weather conditions and of other factors, space charges
cannot be utilized for specific detection and measurement. Furthermore, space
charges of high concentration are emitted by electrostatic filtering systems.
In the following cases, however, atmospheric electricity methods are
deemed to offer a valuable addition to measuring techniques:

(i)

(ii)

coverage of relative aerosol concentration and its trends in
areas of relatively high air purity, such as above oceans, in
high mountain regions, in the polar zones, in more or less uninhabited (but largely dust-free) areas;
global monitoring of the trends of aerosol concentration by
utilizing uniform, relatively simple but reliable measuring
devices;

(iii) remote aerosol sensing through balloons and other sonde carriers,
both in the troposphere and in the stratosphere because simple,
light-weight and inexpensive measuring units ·similar to the
meteorological radiosondes are desirable;
(iv) the possibility of estimating variations in the total electric
conductance of the atmosphere between ground and 40 km presents
a simple method of monitoring the overall aerosol burden of the
atmosphere. *
In recent years the possible impact of man on the earth's climate has
been assuming an increasing, even vital importance. It is a discomforting fact that
possibly fateful changes have already set in, and still we do not have any detailed
knowledge of them, we are as yet unable to judge their impact, and know even less
about the causative manner in which they come about, by what factors they are
triggered or stopped. The following pUblications are referred to: M.I. Budyko
(1972~ 1974), W.H. Matthews, W.W. Kellogg and G.D. Robinson (1971), J.E. Lovelock
(1971), Ch. Nakajima (1973), H. Flohn (1973). In a paper on the problem of possible
man-made climatic changes, H.E. Landsberg (1970) points out that, on the local scale
man-made influences on the climate are SUbstantial, and the potential for anthropogenic
changes of climate on a larger, even global scal~ is real. It is further Landberg's
opinion that man-made aerosols, because of their optical properties and possible
influence on cloud and precipitation processes, constitute a more acute problem than
CO (in its present concentration) does with regard to the impact of the atmospheric
2
aerosol on the energy budget of the atmosphere; see for example, R. Eiden and G.
Eschelbach (1973).
Some basic facts and equations
For ~ general introduction to the atmospheric electricity relations which
to aerosol monitoring, we refer to the well-known textbooks of J.A. Chalmers
(1967) and H. Israel (1970 and 1973), to the monograph by R. Reiter (l964a) and to
the introductory treatment by H. Dolezalek (1975).

~ertain

* If

releases of Krypton 85 into the atmosphere from plants processing nuclear fuel
continue to increase at the present rate, this possibility will be lost.
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The basic atmospheric electricit~ parameters are the air-earth current
density (vertical conduction current density) i, the electric field strength E, and
the total conductivity~; the latter beingthe sum of the positive-ion conductivityy+
and the negative-ion conductivity y_. These three parameters are connected to each
other by Ohm's Law.
Ohm's Law also ap~lies for the definition of the columnar resistance R
(measured in the S.I. in n m ), the potential difference between ground and the
ionosphere V, and the vertical conduction current density i. R is the resistance of
a vertical atmospheric column of unit cross-section reaching from the ground to the
ionosphere. It can either be calculated from measurements of V (by vertical profiling
with aircraft or balloon radiosQunding) and i, which in fair-weather situations is
assumed to be constant with height; or by direct measurement with aircraft or radiosondes of the conductivity, and integrating the inverse of conductivity, resistivity,
over the height. In both cases of vertical profiling, one does not need to go up to
the ionosphere, because the contribution of the atmosphere above 10 or 15 km is very
small and may be estimated with some confidence.
by

p

A fourth basic parameter is the space charge density, usually denominated
which is related to the gradient of the electric field by Poisson's Law.

For the purpose of aerosol monitoring, the electric field seems to be the
least practical parameter in most cases, because it depends on V, R, and the local
conductivity y
at the place where it is measured. The density of the vertical
conduction current i
is somewhat more suitable, because it depends only on V and R.
The local conductivity ~ is a parameter which is controlled by local agents (as set
out below), but not dependent on difficult-to-measure parameters such as V and R.
For purposes of monitoring relations to local aerosol, conductivity is the most
appropriate of the basic atmospheric electricity parameters.
Before we consider more closely the feasibility of using conductivity, we
may point to a possible future development. The columnar resistance R is controlled
by the atmospheric radioactivity in the lower troposphere over. the continents and by
cosmic radiation everywhere and at all heights, and by the total aerosol content of
the vertical atmospheric column. Therefore, a measurement of R may yield information
on that total content under certain conditions. Unfortunately, such a measurement
can at present be made only by vertical profiling by aircraft or radiosonde, as
indicated above. However, if the progress of the science of atmospheric electricity
should lead to better knowledge of the dist.ribution of the potential V, it might
become possible to provide generally applicable values of V and then to derive the
columnar resistance easily and continuously by just measuring the density of the
vertical current i - a s long as fair-weather conditions prevail.
Since this is not possible at present, however, we return to the consideration of the local conductivity ~.
It is necessary to take into consideration the relation between electrical
conductivity:

small ion density:
ionization rate at measuring site:

q

and number density of aerosol particles: N (r) (if possible as a function of particle
size r). Under stable conditions, i.e. if an/dt = 0, the following applies:
r
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In a first approximation it is permissible, for regions with small N, to
neglect the size dependence of N. We are then mainly dealing (a) with the attachment
of small ions n to the aerosol particles N, and (b) with the recombination of the
oppositely charged small ions. In the (a) case we have to apply the attachment coefficient 02' in the (b) case the recombination coefficient c l ' both being commonly
known. Via the well-known small-ion mobilities of k and k , conductivity and smallion density n are related as follows (e
electric charge):-

if q, c l ' 02' k and k_ are known, it is possible from measurements of total conductivi ty 'Y, or frot measurements of small-ion number densities n , n , to deduce aerosol
concentration N. The ionization rate q is made up of a height and location dependent
component which is largely constant in time (effect of ionizing radiations from the
ground and from cosmic rays), and a variable component (the atmosphere's. content of
radon, thoron,and their daughter elements). For accurate measurements, q should be
exactly known. In the case of long-term measurements to record the trends of y or
u, however, q Can be assumed to be constant in the mean so that a corresponding trend
of N can be concluded from any trend of 'Y or n.
To summarize:
(i)

(ii)

Provided certain prerequisites are met, recording of i on the
ground is suitable for remote sensing of the total aerosol concentration in the troposphere above the measuring site, because from
our preceding representations it is directly apparent that the
columnar resistance - except for q - is primarily a function of
the aerosol concentration controlling the small ion density and
thus the electrical air conductivity.
Recording of atmospheric conductivity or small-ion number density
is suitable for monitoring the local aerosol concentration
although only under certain conditions, as stated.

Before proceeding to practical examples we must, however, point out the
following:
Small ions are captured not only by aerosol particles but also by cloud
droplets and precipitation particles. This means that fog frequency and density, and
also the frequency and structure of precipitation, must enter into any considerations
which are based on recordings of 'Y or n. A value of l' __ decreasing over an extended
period could mean also that, say, the frequency and duration of fog has increased at
the measuring site. We must therefore bear in mind that expressions of atmospheric
electric variables are not necessarily specific with respect to variations of the
aerosol concentration, meaning that it is important to observe simultaneously common
meteorological parameters in order to be able to interpret properly any striking
deviations of atmospheric electric variables.
In addition, it is important to note that, due to functional interrelations,
the variables of l' and n show their highest sensitivity with respect to minimal
particulate air impurities. If the latter, however, reach high values, then ~ and n
are asymptotically approaching the zero value, i.e. measuring sensitivity and accuracy
are decreasing drastically. In this case the direct aerosol measuring methods have
the advantage, while atmospheric electricity methods are comparatively dispensable.
In addition to the recordings on the earth's surface in regions of low
pollution, measurements of 'Y or n are of advantage if soundings are to be made in the
free atmosphere. There is no other direct aerosol measuring method that involves such
a small energy requirement, so little weight, and such inexpensive material, and yet
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permits telemetry recordings, e.g. from balloons, as does the measuring of the atmospheric electric conduotivity ~ or of the ion number density n.
Examples (see also Seotion 3.3.4.4.2)
On ooeans
Oceanic measurements of atmospheric electrio conductivitf and/or small-ion
number density have often been made (Chalmers, 1967 and Israel, 1970). Reference may
be made to the following: R. MUhleisen (1968), W.E. Cobb and H.J. Wells (1970), M.
Misaki and T. Takeuti (1970), R. Mtihleisen and H. Riekert (1970), W.E. Cobb (1973),
Y. Morita (1973), R. Muhleisen (1974).
These measurements consistently show that
(a)

Aerosols generated above the land and transported to the ocean by
wind can be detected, even at great distances from land masses, by
the behaviour of ~ or n.

(b)

Atmospheric conduotivity or small-ion number density has been
oonstantly deoreasing above the North Atlantio since about 1910.
If the particle concentrations are oalculated from these measurements (R. Muhleisen, 1974) it must be assumed that in the period
mentio~ed the mean partiole concentration has increased from about
100/cm) to a maximum of 800/cm 3 • The advantage of atmospheric
electrioity measurements for global aerosol monitoring becomes
evident in this way and under conditions whioh ensure application
on solid grounds.

Vertical structure of atmospheric conductivity as related to the
vertical profile of aerosol concentration, observation of inversions
Since 1969, R. Reiter, R. Sladkovic and W. Carnuth (1971, 1974a) have been
using cable cars as carriers for probes to obtain aerological and aerosol profiles
between approximately 700 m and 3000 m a.s.l.
These studies are aimed at obtaining
_parameterization of aerosol eddy diffusion as controlled by the aerological structure
(temperature, humidity). The positive-ion and negative-ion conductivities are used
for indirect recording of the vertical profile of aerosol concentration. These values
are converted into aerosol particle conoentrations; the prooedure is described in
R. Reiter et al (1971). The conversion is based on extensive direot comparison
measurements of the number of aerosol particles (condensation nuclei*) and conductivity
at stations 700 m and 1800 m a.s.l. Of late, recordings of the number of condensation
nuclei are additionally conducted aboard the cable car. In addition, a high power
lidar serves for independent remote sensing of the aerosol profile (R. Reiter and W.
Carnuth, 1975). Employment of these procedures working independently of each other
permits cheoking of the applicability of conductivity measurements for indirect
observation of aerosol concentration.
In Figures 3 to 6, the following parameters are plotted as a function of
height: dry- and wet-bulb temperatures (T, T'), positive-ion and negative-ion (the
latter is mostly disregarded as paralleling the positive one) conductivities ~ +' ~_.
concentration of condensation (Aitken) nuclei N, lidar reflectivity R for two wavelengths (RO = 694 nm, UV - 347 nm).

* or

In the following, these terms will be generally used because of
Aitken nuclei.
their great number densities in comparison with other aerosol particles and because
generally they are the ones which are being measured.

Figure 3
Simultaneous vertical profiles of dry (T) and wet (T') bulb temperatures,positiv~-ion
cQnduc~ivi~y y+; number density o£ condensation (Aitken nuclei N. and lidar reflectivity in two bands: 'RO: 694 nm. uv: 347 nm, R, with indications ·Qf certain layers
such as haze boundaries etc. Height is in km above sea level, 'ground is at about 750 m
a.s.l. 21 August 1974 1100 local standard' time (CE']). After R. Reiteret al'(1975)
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Figures 3 and 4 show the reverse relationship between ~'and N, i.e. the
applicability of electrical conductivity as an indicator of aerosol density variations.
Furthermore, the figures show that layers wherein ~ and N are changing, are at the
same time identified by lidar (especially with ruby light RO). Humidity, too, (by the
behaviour of T') shows a distinct structure at the relevant levels, while with T such
is merely hinted at.
Figure 5 shows a case of a distinctly defined inversion which is recognized
by the temperature T increase between 1.65 and.l.70 km. Within the same height interval
there is also with increasing height a steep decrease of humidity (see TI), and a sharp
decline of t.he nuclei concentration N while conductivity ~ is increasing. Furthermore,
lidar reflectivity R at both wavelengths (RO andUV)-is sharply decreasing with height.
By synoptic comparison of vari~bles obtained_ independently from one another, this
example already shows·that··conductivity can be used to study aerosol structure on
inversions or on other aero~ogical boundaries, such as the upper boundary of the
exchange layer, apd· tlie ~ondensation layer.

Irr,these cases, the measurement of the electric field strength may often
replace the measurement 0f conductivity. This is a consequence of Poisson's Law. If
we convert .it by using Ohm's Law for the case of- constant current densityi but
varying conay.ctivi ty
.
_.. .
.
r

~

1

p

dz

12
with.o being the permittivity (capacitivity) of the atmosphere (8.86 x 10F/m), we
derive that where the conductivity g~adient is remarkable, a spac~ charge density p
is generated (for a detailed explanation, see Dolezalek, 1975). This means that_there
is -also a gradient of the electric field. We conclude that if significant accumulations
of space charge density because ~f other reasons (e.g. charge generation in thu~der~:
clouds and showers) are "not -expected, the m.easuremeilt o;f :the electric fie_ld and i t~.
variations can replace the measurement of conductivity. This is the case with most
inversions. The advantage is that field measurements are even simpler than conductivity measurements. L.H. Ruhnke (1973, personal communication) has even proposed the
use of very small and cheap rockets (as used in fireworks) for quick determination of
the he.i:gJ.1t .Q.L i'uyersion. In fact, the electric .'field usua'lly reacts more -sensitively
to an inv~~sion than do temperature or relative humidity.

App.lication of measuring processes that directly indicate aerosol concentration will certainly be out of the question for many free-air investigations on
account of high costs of such instruments, their weight and energy requirements and
also, as a rule, because. of the necessity of telemetering the measured data, which is
easily possible with con~uctivity measurements.
In Figure 6,; howev~r, .we must point out a special case which is characterized by the following:
(a)

Inversion ··between 2.2. and 2.3 -km ·wi th an upper boundary of haze.
The 'change of the aerosol concentration can be distinctly seen in
the N- profile and is furthermore clearly indioated by conductivities
l' + and l' _.

(b)

At about 1.9 km we encounter the upper boundary of a stratocumu1us.
There, too, we find an inversion, and at its level y~ and ~ _ are
clearly increasing with height. It could be a mistake to deduce
therefrom a decrease of aerosol concentration, for the N-profile
(straight line) shows no variation with height between 1.8 and 1.9
km in contrast to conductivity. Here we are dealing with the influence
exercised on conductivity by the fog droplets which oapture the

59

km

T

2.8-

T'

1'+

0

0

N

21 Aug 1974
1446 CET

II
I

2.6-

0.73 I 0.61 Ws

2.4-

2220i

~._--+

1.81.61.4-

--"';:-=-~~~=~=-

1.21.0'C

0

I

lO-u,

~

J

n- I m-1

0

10K

0

-II

N

Figure 5
The same as Figure 3, but i'or 21 August 1974, 1446 CET. A strictly defined inversion
is between 1.65 and 1.70 km height. After R. Reiter et a1 (1975)
7 Mar 1974

1024 CET

3000
m

a.5.1.

2800

2500

lTrT

-r
I

T T'

2400

2200

;

I

===::: ===:...-.-=- ==:.-=-1= ==1= =:: -= Inversion

2000
1800
1600
1400
1200
1000

.5

0 -5 -10

Figure 6
The same parameters as shown in Figure 3 (with the exception oi' the lidar returns)
for the case with a stratocumu1us cloud (Sc,O.Gr, = upper boundary of cloud) and an
inversion, on 7 March 1974 at 1024 CET.
After R. Reiter et al (1975)

60

small ions very quickly. Although a capture effect is also started
on the condensation nuclei, the latter's mobility is much lower than
that of the small ions, thus the loss of N particles by capture
through the droplets is occurring quite slowly (Fig. 4, N, dotted
line, recorded one hour later).
This example clearly demonstrates that no conclusion as to aerosol concentration can be drawn from recordings of conductivity made inside fog or clouds.
Ruhnke (1965) points out that balloon-borne electrometers of sufficient
sensitivity and stability can be used to detect very thin large layers at all altitudes.
Cloud tops and ceilings at low altitudes can be determined with very simple and inexpensive atmospheric electric attachment to weather radar equipment, for example in
cases where conventional ceilometers or cloud radars are either insufficient or too
expensive.
Morita, Ishikawa and Kanada (1972) report on the variation of fast ion
number density at temperature inversions (p. 357, Figures 3a and 3b).
Total aerosol burden variations
The ELF measurements discussed above (3.2.1.1.2) also allow the derivation
of information on the total conductance (or average conduotivity) of the globe's atmosphere between ground and about 40 km altitude. This magnitude is sensitive to
world-wide changes in aerosol content and ionizing agents such as certain types of
radioactivity and cosmic radiation.
If information on the latter two parameters is
available or if they can be considered as being sufficiently constant in time, the
possibility of a cheap monitoring of the total aerosol burden of the atmosphere is
evident. It and its secular or seasonal variations could be assessed in this way,
continuously, from just one or a few stations. This was proposed by Polk and his coworkers but no routine monitoring has yet been done.

3·3·3

Measurement of exchan e or diffusion coefficient (see also
Section 3.3.4.4.4

The sub-sections 3.3.2.1 and 3.3.2.2 of the preceding section are also
relevant to the following discussion. In fact, there are numerous analogies or cross
relations throughout sections 3.3.2, 3.3.3 and 3.3.4.
By atmospheric electricity measurements aloft

It has already been mentioned that vertical profiles of atmospheric
electric conductivity - under certain conditions and with consideration of some
additional parameters - pexmit the drawing of conclusions as to the profile of
aerosol concentration (for more details see R. Reiter et al., 1970). These profiles
can be used for calculating the eddy diffusion and exchange coefficients as a function
of height CR. Reiter, R. Sladkovic and W. Carnuth, 1970, 1974a). This procedure is
based on the assumption (which in most instances is nertain to be correct) that Aitken
nuclei are exclusively generated near the earth's surface (valley floor). From this
condition, an altitude profile of Aitken nuclei concentration is formed which is
determined by exchange intensitYt on the one hand, and coagulation on the other, the
latter representing a continually distributed sink for the Aitken nuclei. It was
shown that the drop in concentration due to the coagulation process may very well be
represented by the Smoluchowski relation
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dN

_ I{N2

dt
having the solution:

_I_
N

+

_1_

No

The coagulation coefficient K was found to be

6.4

Kt

•

x 10-15 m3 sec

-2

If the eddy diffusion equation is extended by means of (1), the following
relation is arrived at, describing the simultaneous development of eddy diffusion D
and coagulation (disregarding advection):

-iL..!....

a

with A

D

t

N being the variation of N during

a

AN

KN 2 •,

t.

Ii'. in addition. a stable situation is assumed (aN/at = 0) and
limited to one-dimension conditions (constant aerosol concentration in horizontal
direction), (3) is simplified into

The general solution of this differential equation results in an elliptic
integral with the solution:
1

1
~-N-

+{+

(z - Zo)

with N at Z and N at Z.
o
0
From (5), D may be calculated if two N-values, N and N , are known for
l
2
altitudes zl and z2:
D

(6)
This mathematical statement may suffice here. Details on the practical
computation of D are found in R. Reiter et al. (1974). The most important presuppositions or assumptions which have to be taken into consideration are listed once
again:
(1)

one-dimensionality, no variations in the horizontal direction;

(2)

freedom from sources outside the primary layer;

(3)

stationarity,

(4)

no advective contribution to N.

(t N/

i:)

t = 0;
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Figure 7 shows, by two soundings on the same date, the profiles of wetand dry-bulb temperatures T, T', and the vertical profiles of incremental exchange
coefficients A (in log scale) computed from conductivities (not plotted in the figure).
Each time, within the extent of the steepest inverse temperature increase, we find
a minimum of A. The fine structure of A is conclusively related, each time, to the
fine structure of T within the range of inversion.

The following examples are to demonstrate the practical importance of
consistent recordings of the profiles of N - derived from conductivity profiles _
and computation of the profiles of eddy diffusion or-of exchange coefficients.
The recording of free-air data (temperature and humidity) along with the
conductivities within the same respective atmospheric volumes permitted the parameterization of aerosol eddy diffusion controlled by the aerological structure.
Figure 8, applicable to inversion layers, shows the statistically
derived relation between vertical exchange coefficient A, and temperature gradient
G-T (both within the inversion layer only; A+ as opposed to A is based on a refined.
method of computation). Figure 9 shows an analogous evaluation based on the gradient
of water-vapour pressure G-E.
In summary, we may say that for some of the problems of aerosol exchange
and consequently of air pollution monitoring, measurements of conductivity are of
practical use.
With regard to measurements of stratospherical conductiVity see S. Maeda
et al. (1973) and R. Woessner et al. (1958).
3·3.3.2

By radioactivity

measurements aloft

The source of tpe natural radioactivity of the atmosphere is found in the
earth's surface continually exhaling radon and thoron in-amounts varying with location
and varying at the same location with changing weather. Vertical distribution of
these two radioactive gases and of their radioactive daughters is a function of
respective half-life times as well as of the intensity of vertical exchange. The
question of functional relations had already been raised at an early stage (H. Lettau
(1941); W. Schmidt (1925, 1926)). The element most suited for studying vertical
exchange in the lowermost atmospheric layers, using masts or towers, is thoron, as
shown by the studies of H. Israel et al. (1968) and M. Horbert et al. (1972). Radon
and daughters plus ThB are used for exchange measurements in the range of the lowermost
few kilometres of the atmosphere. The apparatus involved being heavy and requiring
relatively much power, these measurements call for the use of aircraft. Successful
measurements of the vertical eddy diffusion or the exchange coefficient, are described
respectively by Dr. Paffarath (1971) and D. Guedalia et al. (1974). The obvious
method, therefore, was to use measurements of radon or RaB and RaG concentrations in
the atmosphere at three mountain stations located closely together, to observe
continuously the mean exchange intensity in the layer between these, and to relate
this to certain meteorological parameters. R. Reiter (1955, 1957, 1959, 1960, 1961,
1964, 1966, 1969 a, b, 1970) conducted long-term studies of this nature. In addition,
the natural radioactivity of the atmosphere is well suited to describe air-mass
character (R. Reitex, 1964b). The longer an air mass has been travelling across
continents, and the stronger the vertical mixing inside it has been, the more contact
it has had with the earth's surface, and the higher is its content of natural radioactivity.
Today, this is leading to another practical application. Efforts are
being made to observe background pollution by gases and aerosols, i.e. that level
which is still largely without any anthropogenous impurities (e.g. R. Reiter et al.,
1974b). However, such a level is found only in air masses which have had very little
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oontact with the earth's surface, such as maritime or polar air masses. The less
intensive the ground contact of an air mass has been, the smaller will be its content
of natural radioactivity. It may be mentioned here, that on a mountain peak at 3 km
a.s.l., above an inversion and within a maritime-polar air mass, a radon concentration
is encountered which is smaller than 0.1 per cent of that measured on the valley floor
CR. Reiter, 1969a) near that mountain. This means that extremely pure air masses can
be found even above the continent, and the radon level will help to identify them.
3.3·3·3

By atmospheric electricity measurements at ground, general

Some time ago, M. Kawano (1957) and others derived certain relations
between several atmospheric electricity variables oontaining the. magnitude of D
(diffusion coefficient) and thus permitting computation of the latter, provided all
remaining parameters are known. A detailed presentation thereof is found in H. Israel
(1973). These relations are intricate, requiring simultaneously and precisely measured
values of several atmospheric electric variables.
We give here one of the possible expressions:
D l/2
c
p
2
E
(c N) 11'2
'0
2
(n -

cT)
2

(7)

The symbols have the following meaning: E = field strength;
p = spaoe
charge density; n = small-ion concentration; q = ionization rate; N = nuolei concentration; D = diffusion coefficient; c = coeffioient of attachment of small ions to the
2
nuclei of Nj
Eo = permittivity or capaoitivity; here all values to be inserted into
the equation must De the ones valid for the altitude oonsidered.

3·3·3·4

By atmospheric electricity measurements at the surfaoe of the ocean

The method of determining the eddy diffusivity over the open ocean either
from profiles of the average electric field or from time average values of space
charge and electric field measured near the sea surface is given by Hoppel and Gathman
(l97l).
The physical basis of the atmospheric electric method may be described as
follows. Positive and negative ions formed in the atmosphere by cosmic rays are
separated near the earth's surface by the fair-weather atmospheric electric field.
Positive ions flow downward under the influence of the earth's electric field and
negative ions flow upward. Since no flux of negative ions can flow out of the ocean
surface, there exists a region of net positive charge which extends upward from the
sea surface of the order of tens of metres. Both the height and space charge density
associated with this electrical boundary layer (electrode effect) are greatly influenoed
by turbulent mixing.
The equations whioh govern the positive and negative ion densities

(ll+' n_) and the electric field E were solved for both the aerosol-free atmosphere and
an atmosphere containing aerosols.
in the calculations is given by

The form of the eddy diffusion ooeffioient used

Xz + (3

K(z)

z + lOa

(a)

1
where (3 = 5 x lO-4 m3 8(ionic diffusion constant divided by lOa) and X is a
parameter that describes the intensity of the turbulence. This expression for the
eddy diffusion coefficient is suggested by the work of Obukhov (See Belin8kii, 194a)
which shows that within the surface layer the coeffioient should increase linearly
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with altitude and that at altitudes above the surface layer it should be constant.
Equation (8) is nearly linear for altitudes much smaller than 100 m while still
having a realistic upper limit for large z.
1
A typical solution to the governing equations with X=6 m2 secK(lO m)=O.55 m2 sec- 1 is shown in Figure 10 where icond is the current resulting
from conduction. The difference between icond and ito tal is the current carried by
turbulence. In Figure 11 the electric field profiles for several values of X are
shown together with the average of five balloon soundings of electric field over
the Atlantic given by Mtihleisen (1971). Also shown in Figure 11 by the dotted line
is the change in the solution if 500 Aitken nuclei cm-3 are present and X=6 m2 sec- 1
Figure 11 demonstrates the method of determining the eddy diffusivity by matching
profile measurements to a theoretical curve of known X. Profile measurements are
not very practical on a routine basis, but for a given nucleus count each solution
is uniquely characterized by a value of electric field and slope (space charge) at
the surface.
Therefore, the measurement of average field and space charge at the
surface is sufficient to determine X.
A graph for obtaining X from measured values of the average electric
field and space charge at 1 m is shown in Figure 12. The diffusivity measured here
is for ions and should be the same as that for any scalar contaminant. If it is
assumed that the diffusivity for a scalar contaminant is the same as for momentum
then X can be compared to values of the diffusivity obtained from the bulk aerodynamic
method.
A series of ocean measurements (Hoppel and Gathman, 1972) has shown that
the method of determining the eddy diffusivity from atmospheric electric measurements
agrees by better than a factor of 2 with the bulk aerodynamic method.
The atmospheric
electric method appears to hold considerable promise under the following conditions:
(1) measurements must be made over the open ocean away from sources of extraneous
ionization such as radon emission from land surfaces; (2) the Aitken nucleus content
of the atmosphere must be either small or well-known so that the effect of nuclei can
be taken into account; (3) only a small percentage of the ocean surface can be covered
with whitecaps since whitecaps are an extraneous source of positive charge; and
(4) there can be no obstructions near the site large enough to alter materially the
natural existing electrode layer.
Detection of instability aloft
The possibili~y of detecting by measurements of the electric field of the
ground, instabilitr of the atmosphere above it,has been discussed in some detail
above (Section 2.3). This was presented as one example of the general difficulties
experienced in attempts to apply atmospheric electricity methods.

3.3.4

Atmospheric electric air tracing and air-mass determination
Introduction

While the potential usefulness of atmospheric electricity measurements
for air tracing and determination of air-mass characteristics has been recognized in
the past, recently progress has been made in application of this approach.
Such
techniques are particularly effective when relatively slow-flying aircraft are used
as instrumentation platforms. Within the general area of discussion are plume tracing,
studies of air pollution meteorology, convection and turbUlence, aerosol loading, and
remote thermal detection. Two topics of great current interest are in this area;
the study of organized convection over the ocean, a central issue of the Atlantic
Tropical Experiment under the Global Atmospheric Research Programme (Fleagle, 1972;

Kuettner, 1974); and the tracing of pollution (Berane & Hall, 1974).
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Principles
There are two basic approaches to atmospheric electrical air tracing:
(a) electric field measurements, and (b) conductivity measurements. If an air plume
contains unipolar space charge (or net charge) it will produce an electric field.
If the plume contains aerosols, its conductivity will be lower than cleaner surrounding
air. Suitable electric field deteotion equipment on airborne or ground vehicles has
been used to map electric fields of charged plumes to define their position (Moore,
Vonnegut, Semonin, Bullock & Bradley,1962j Vonnegut, Moore, Stout, Staggs, Bullock &
Bradley, 1962; Boeck, 1975; Markson, 1975a). Such measurements illustrate the "remote
sensing" capability of atmospheric electrical instrumentation. Conductivity measurements, while not having the remote detection characteristic, give precise information
on plume location. An electric field record will also indicate the plume's boundary.
Atmospheric electric fields produced by space charge are discussed by
Chalmers (1967) and Israel (1973). Tc summarize briefly, a homogeneous spherical
cloud of unipolar space charge produces an electric field outside the cloud inversely
proportional to the square of the distance from the cloud centre and·directly proportional to the net charge. Within the cloud, field intensity is directly proportional
to distance from cloud centre and net charge. It is important to recognize that at
the centre of suoh a oloud the field due to its charge is zero and that the largest
field intensity occurs at the cloud1s periphery.
Atmospheric conductivity is proportional to ionic mobility (Chalmers,
_ 1967; Israel, 1973). When pollution is present, fast ions attach to aerosols and
beoome slow ions (Chalmers, 1967; Israel, 1973; Vonnegut, Maynard, Sykes & Moore,
1961). The ratio of ionio mobility between fast and slow ions is about 1000 : 1,
thus conversion of fast to slow ions causes decreased conductivity.
The vertical electric field responds to variation in conductivity because
the conduction current remains constant (Moore, Vonnegut, Semonin, Bullock & Bradley,
1962; Chalmers, 1967; Israel, 1973), as long as the conductivity variations do not
remarkably affect the "columnar resistance ll (see next paragraph). Variations in
conductivity are then compensated by equal and opposite adjustments of electric field
intensity. Therefore, reduced conductiVity in a pollution plume or within the exchange layer produces an increase in electric field.
The vertical electric field is also modulated as indicated above by
changes in air-earth conduction current density caused by variations in columnar
resistance (vertically integrated reciprocal of conductivity through an air column
of unit cross-section) above or below the point of measurement (Chalmers, 1967;
Israel, 1973; Vonnegut, Maynard, Sykes & Moore, 1961; Markson, 1974a). Second,
variations of the potential difference between ground and ionosphere cause variations
of air-earth current density and thus of the electric field. Also, electric field
variations occur because of convection of space charge in the vicinity of the measuring
location.
(Vonnegut, Moore, Stout, Staggs, Bullock & Bradley, 1962; Vonnegut, Moore,
Semonin, BUllock, Staggs & Bradley, 1962; Israel, 1958; Markson, 1973; Markson &
Schuemann, 1974). These constitute sources of background from which the signal must
be extracted. Thus, electric field data may be inherently noisier than conductiVity
measurements. However, lack of remote sensing capability using conductivity may make
electric field (potential gradient) measurements the better parameter for plume
detection.
Instrumentation
Electric fields are usually measured in the atmosphere with an electrometer
and radioactive probe antenna or with an "electrostatic" field mill (Chalmers, 1967;
Israel, 1973). The former is cheaper, less complex, commercially available and also
well suited for measurements of fair-weather electric fields from small aircraft
(Markscn, 1974; Vonnegut, Mccre & Mollahan, 1961; Vonnegut & Mcore, 1961). Fcr
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measurements from an aircraft at least two radioactive probes must be used and the
voltage measured between them. Modern relatively cheap solid state electrometers are
readily available. Field mills of sufficient stability and sensitivity for atmospheric
research have generally been built by the investigators.
A problem with eleotrometer/radioactive probe instrumentation is that very
high input resistance (10 14 ohms) must be maintained. Input insulators must be kept
clean and dry. Suoh instrumentation has been used suocessfully on aircraft by taking
proper precautions to maintain insulation properties in a difficult tropical maritime
environment (Markson, 1974b; 1975b). Field mills have also been used on aircraft,
generally on larger multi-engine craft (Clark, 1957; Kasemir, 1972; and others). The
advantages of field mills compared to eleotrometer/radioactive probes is lower input
resistance (10 8 ohms) and faster response (Kasemir, 1965).
Conductivity may be measured with a oylindrical capacitor (Gerdien tube),
battery and electrometer (Chalmers, 1967; Israel, 1973; Kraakevik, 1958). Unless
reason is given to assume that the positive-ion conductivity and the negative-ion
conductivity are equal and vary equally, both must be measured either simultaneously
(i.e. two Gerdien capacitors) or alternatively in sufficiently short intervals.
In situations in whioh measurements of either the electric field or the
conduotivity would lead to the desired result, a simultaneous measurement of both
these parameters will usually improve the reliability and aocuracy of results.
Basically, the signal of the conductivity measurement decreases with decreasing
conductivity while the signal of the field measurement increases.
We like to discourage the application of other methods than that of very
carefUlly designed Gerdien capacitors for conductivity measurements. At least, the
current-voltage characteristic must be taken and used to demonstrate that the actual
measurement is in the linear range of the charaoteristic.
3.3.4.4.

Research applications

This section will summarize interrelated research applications in "the
general area under consideration. Topios to be discussed in the following paragraphs
are: Location of top of the exchange layer; Remote measurement of aerosol loading;
Natural and artificially produoed space charge as an air tracer and Convection studies.
Location of top of the exchange layer
An inversion usually separates relatively stable air above from the turbu1ent reglme often characterized by hazy air below. Determining the height of the inversion (top of the mixed layer) is important for many purposes in air-pollution
meteorology (Berane & Hall, 1974). Convection distributes aerosols and space charge
within the exchange region. Airborne (balloon and aircraft) soundings of electric
field and conductivity almost always depict the inversion beoause of the discontinuous
variation in the slope of soundings at this level (Markson, 1974a; Clark, 1958;
Kraakevik and Clark, 1958; Yenkiteshwaran, 1958; for the same resu1t see also the
cable car measurements reported by Reiter,Sladkovic and Carnuth, 1971, 1974a; see
Section 3.3.2.3.2). Both parameters are extremely sensitive to the ohange in conductivity at the inversion; Markson has noted this level on atmospheric eleotricity
soundings on days when the usually visible top of the haze layer could not be seen.
Stratus layers of cloud or pollution are also depicted in atmospheric electricity
soundings (Moore, Yonnegut, Semonin, Bullock and Bradley, 1962; Yenkiteshwaran, 1958).
Figure 13 (Markson, 1974b) shows electric field soundings made over land and sea on
the same day. The inversion is indicated by the rapid decrease in field intensity near
1.7 km in both cases. Strong conveotion over land produced a constant potential gradient in the exchange layer (Moore, Vonnegut, Semonin, Bullock and Bradley, 1962).
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Over the ocean, a layer of low conductivity air (inferred from high potential gradient)
is seen in the 0.7 to 1.7 km height range. This apparently illustrates one of the
fundamental characteristics of diffusion under conditions of relatively weak mixing
with the source at the surface and a strong inversion aloft; a layer of aerosols
accumulates beneath the inversion. Also noted in this figure by the rapid increase in
field strength from 150 m to the surface is the characteristic layer of positive- space
charge found over oceans (MUhleisen, 1961; Markson, 19740). This space charge serves
as a naturally produced tracer" for atmospheric electricity studies or organized convec-

tion (Markson, 1975b).
The t~p of the" exchange layer is clearly depicted in most atmospheric
electricity sound~ng~; it is their most obvious feature. Figure 14 (Markson, 1974b;
1974c), showing soundings in three locations, indicates this level at about 2 km in
each instance. E~en in the relatively clean air of the Bahamas, the top of the exchange
layer was almost always seen in atmospheric electricity soundings. The one exception
in over 100 soundings (Markson, 1974b) was after an extremely windy and turbulent
period which evidently mixed the atmosphere homogeneously from" the surface to at least

5.5 km (soundings apogee).
3.3.4.4.2

Remote~measurement of aerosol loading (see also Section 3.3.2.3)"

The conduction current lines are essentially vertical in

regions (Chalmers, 1967; Israel, 1973).

fair-weathe~

Given a constant potential (versus grourid)

of the upper atmos~here, the current density i (amperes per square metre) will be
controlled by the_~olumnar resistance R (ohms times square metre) of the atmosphere
as in a d.c. circuit. (We do not consider here, the time constants involved, see
for this Dolezalek, 1960 a ,b and 1975)." When conductivity decreases in the exchange
layer due to incre~sed pollution, the current density will decrease. At a fixed"al ti tude above the" inversion, conducitivi ty will remain unaffected. Thus, with reduoed
air-earth current, -'the iR drop over a -given vertical distance (the potential grad,ient
or electric field,~measured in the free atmosphere above the exchange layer) wil~
decre~se. Figure 15 (Markson, 197Ab), a record of potential gradient at constant
altitude between the location of the soundings seen in Figure 13, depicts variati~ns
of electric field caused by changes in aerosol loading in two ways. Over land, the
left part of the record, field intensity is lower than over the sea because of grBater
pollution and convection distributing the aerosols through the exchange layer.
In addi"tion, systematic variations occur between points llWll and liE" which
are- 40 kID apart over the ocean 40 kID south of Nantucket Island. These may have been
due to some mesoscale circulation pattern near the surface tied into the location" of
the island such as" occurs in the vicinity of Catalina Island off the California coast.
On this day the winds would have brought<air from ~ndustrial regions near Boston to
the Nantucket area~ On the next day, similar measurements were obtained between the
same "WI' and tiE" locations, Figure 16 (Markson, 1974b). This day the potential gradient
maxima and minima occurred as on the preceding day, but the variation was about 25 per
cent as large. In the latter case, the air flow was from the ocean and the air mass
would have been cleaner. It is noted that similar systematic variations in columnar
resistance between both ends of the flight track were observed on both days. This
suggests the possibility of using such measurements to identify mesoscale circulation
patterns.
An application of such measurements to the study of aerosol loading from
man-made souroes would be to compare columnar resistance downwind of cities with air
masses from non-industrial locations. Columnar resistance could be measured directly

with a conductivity sounding (Kraakevik & Clark, 1958; Sagalyn and Faucher, 1955) or
variations in this parameter inferred from constant altitude potential gradient
records as in previous illustrations. Within an air mass from an industrial region,
plumes from individual sources could be located with the same approach.
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Another application would be in studying the diurnal variation of aerosol
loading and convection. For example, Markson has made extended duration constant
altitude records of potential gradient from his aircraft at a nearly constant pGsition
above the inversion 15 km SQuth of Washington, D.C., which showed a steady decrease
through the daylight hours. By mid-afternoon the electric field intensity was about
50 per cent of the 1000 hours (local time) vaille. This was not due to the world-wide
diurnal variation of the potential difference between ground and ionosphere which is
increasing during this period (Chalmers, 1967; Israel, 1973). The variation resulted
from a te~poral increase in aerosol loading through the day.
Large-scale modification of air masses by pollution in time and space have
been inferred from atmospheric electricity records obtained on ships at sea. A
secular decrease in conductivity over the North Atlantic during a period when the
South Pacific area remained unchanged has been reported (Cobb and Wells, 1970). This
effect was attributed to increased aerosol loading in the northern hemisphere, confirming the trend already noticed by the CARNEGIE measurements in the 1920s, by Gunn (1954)
and others, all using atmospheric electricity methods. A companion paper (Cobb, 1973)
discusses a secular decrease in conductivity for oceanic air masses downwind of
industrial regions in the eastern United States and Japan.
While this discussion has illustrated the sensitivity of atmospheric
electricity instrumentation to aerosol loading through relative variations in time
and space, it should be mentioned that particle densities can be computed from conductivity measurements (Sagalyn & Faucher, 1955; Cobb and Wells, 1970; Sagalyn, 1958; and
others), see for this the more detailed discussion above in Sections 3.3.2.2 and
3.3.2.3. Most condensation nuclei counters cannot detect less than about 100 particles
per cm3 while conductiVity would be influenced by variations of aerosol density much
below that level.

3.3·4.4.3

Natural and artificially produced space charge as an air tracer

Artificially produced space charge has been used to tag air parcels which
were subsequently tracked by electric field measurements. (Moore, Vonnegut, Semonin,
Bullock and Gradley, 1962; Vonnegut, Moore, Stout, Staggs, Bullock and Bradley, 1962;
Vonnegut, Maynard, Sykes and Moore, 1951; Vonnegut, Moore, Semonin, Bullock, Staggs
and Bradley, 1962; Vonnegut, Smallman, Harris and Sykes, 1967). By putting a long
thin wire into corona with a d.c. high-voltage power supply, ions were produced and
traced over land and sea for up to 10 km.
Another man-made source of space charge is the effluent from smoke-stacks.
Cottrell electrostatic precipitators are installed in most stacks to remove particles.
As a consequence of their operation the plumes contain a high concentration of monopolar space charge. It turns out that plumes from stacks without precipitators are
also charged (Boeck, 1975); it has also been known for more than 100 years that the
steam from locomotives is electrically charged. The fact that aerosols emerging from
stacks are charged provides a natural opportunity for electrostatic plume tracing.
A field mill mounted on top of a van has been used to track plumes for 15 kID downwind
(Boeck, 1975). Recently a series of flights has been made by Markson to investigate
the possibilities of airborne atmospheric electric plume detection. A charged plume
from Niagara Falls (splashing water is electrified, see Lenard, 1892; Gathman and
Hoppel, 1970; the fact itself has been known since the 18th century) was tracked for
30 kID downwind before being lost due to a wind shift. Plumes from industrial sources
have been detected 50 km downwind. Plume detection over longer distances should be
possible with more experience and as a function of the diffusion characteristics of
the day. Plumes were deteoted well beyond the range where they were still visible.
The edges of the plume were clearly depicted in horizontal and vertical cross-sections.
Capability to position a plume's boundary should be important in verifying and improving
plume dispersion models. In addition, this easy ability to locate the general area of
a plume well downwind from the source would be useful in directing aircraft with
chemical analysers to the region of interest.
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3.3.4.4.4

Convection studies (see also Section 3.3.3)

Naturally occurring atmospheric'space charge has been used to delineate
patterns of organized convection. The possibility of studying features of the
planetary turbulent boundary layer with atmospheric electricity techniques has long

been recognized; Israel repeatedly stressed his belief that ultimately one of the
most valuable applications of atmospheric electricity to meteorology would be for
studying turbulence (Dolezalek, personal communication). Variations in ground-level

electric field measurements enland (Muhleisen, 1962) and sea (Ruttenberg and Holzer,
1955) have suggested that eddies of spaoe charge were passing overhead. Such measurements were limited because the structural features of the air mass could only be
detected as the wind flow carried them over relatively immobile instrumentation on
the earth's surface.
Ruhnke (1965) suggests the study of turbulence and other micrometeorological problems by observing space charges and electric fields. One can aSsume that
the space charge (observed over time periods shorter than the time constant of the
air) is a transferable quantity. According to the theory of turbulence, a transferable
quantity can be described by either its Reynolds stress or a coefficient of mixing and
the gradient of this quantity. Using as atmospheric electricity quantities either
space charge or, with some assumptions, the electric field or electric potential, we
can determine (1) the mixing coefficient if time fluctuations that are long compared
with the time constant of the air, are considered, or ·(2) the Reynolds stress if
shorter fluctuations are important. The advantage of the atmospheric electricity
method over conventional ones would be that the sensor has no moving parts, that the
sensor can be shaped in such away that it averages a prescribed path or volumen, and
that the output of the sensor is an electric current and therefore readily usable for
real-time computations. Research on this sUbject has been advanced substantially by
Milin and Tverskoi (1956) with their thorough analyses and experiments, and by many
other workers on the problems of turbulence and atmospheric electricity.
Use of aircraft as instrumentation platforms made possible the exploration
of structural features within the air mass in any direction (e.g., parallel to the
wind or crosswind) and at any height. Variations of horizontal electric field measured
from a light aircraft over land were related to the size and intensity of turbulent
eddies in the exchange layer (Kohn, 1968). Periodicities in potential gradient records
obtained at constant altitude over land and sea were related to horizontal roll vort~
ices filling the mixed layer (Markson, 1974c; 1975b). In Figures 17 and 18, data
obtained just above the inversion level depict such variations (Markson, 1974b; 1975b).
The 5 km spacing between decreases in field intensity suggests horizontal rolls of
2 1/2 km diameter extending from the inversion to the earth's·surface. Figure 19
shows crosswind and parallel-to-the-wind runs at various low altitudes above the ocean
from which circulation patterns and cell dimensions in the tropical marine subcloud
layer were inferred (Markson, 1974b; 1975b). In Figures 18 and 19 convection of
naturally occurring positive space charge from the layer which exists close to the
ocean in effect served as an air tracer. This layer of positive charge occurs mostly
because of the electrode effect (Markson, 1974c; Mtihleisen, 1962). Periodic increases
in these records were observed as the aircraft traversed rising plumes of air carrying
positive space charge upward from the surface layer. For comparison Figure 20 (Fleagle,
1972), shows essentially the same structure using inertial platform instrumentation to
obtain the data. In Figure 17, the source of space charge responsible for the electrio
field pattern is probably the layer of space charge ocourring at the inversion (Moore,
Vonnegut, Semonin, Bullock and Bradley, 1962; Clark, 1958). Overland, this source may
be more important than space charge from near the earth for studying convective patterns
with airborne electric field detection.
Another application of these principles is for remote detection of thermals
in soaring (Markson, 1973; Markson & Schuemann, 1974). In this application, horizontal
electric fields are measured from a sailplane and a course flown along the direction
of maximum field intensity. The horizontal fields are produced by vertically advected
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Figure 20. Vertical velocity of the air measured with inertial platform instrumentation at a height of 150 m over the ocean (from Fleagle 1972)
space charge in the thermal.

Initial results suggest that thermals may be located

from a distance of several km depending on atmospheric conditions. In addition, such
measurements may be used to centre a sailplane in the region of maximum lift within a

thermal. These techniques are being developed to improve soaring efficiency as well
as to provide a new tool for studying the structure of thermals.
M.L. Hill has suggested and successfully demonstrated the possibility of
determining the attitude of a flying body (e.g. an aircraft or model aircraft) by
monitoring the equipotential planes of the atmospheric electric field (see M.L. Hill,
1972 and Weiss, Frazer and Hill, 1976). Obviously, there seems to be a conflict
between this possibility and the one indicated in the preceding paragraph. However,
the horizontal fields caused by thermals and, according to Markson, usable to detect
such thermals, cause only a very slight deviation of the equipotential surfaces from
the horizontal. Hill's idea can easily and cheaply be used to stabilize automatically
model aircraft (drones, RPV's), thus significantly reducing the difficulties of remote
guidance. Close proximity to -electrified clouds and to mountains reduces, of course,
the usefulness of this method.
Basically, this idea was earlier stated by Ruhnke (1965). He pointed out
that in altitudes above 10 km the direction of the electric field will deviate less
than 1/10 of one degree from the vertical. This holds up to at least 40 km, probably
higher. Since the direction of the electric field is easily detected, attitude control
of stratospheric platforms can be achieved, unless the platform moves rapidly through
the geomagnetic field. Sources of errors are charging of the platform by exhaust gases
or electric fields generated by instrumentation on the platform, but in many cases they
can be avoided by careful design.
Model aircraft equipped with HillIs "stabilizer" (see above) can be used
to determine the shape of the equipotential surfaces in the atmosphere.
Appraisal of atmospheric electrical air tracing and comparison
with other techniques
A summary of instrumentation for remote sensing of air pollution and
relevant meteorological factors has recently been published (Beran & Hall, 1974).
It is interesting that no mention of atmospheric electricity techniques appears in
that paper. Limited experience by Markson and others precludes rigorous comparison
between atmospheric electrical and other forms of plume tracing, however the former
appears capable of detecting plumes several tens of km downwind, about as far as
some chemical detection techniques (DaVis, Smith and Klauber, 1974).
Optical and
particle techniques appear to have less sensitivity (Beran and Hall, 1974; Hamilton,
1969; Pringle, Morgan, Fang, Huang, Campani and Wu, 1973; Zaromb, 1969; Pollaok, 1957).
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Atmospheric electric plume tracing could be enhanced in some cases by
increasing the charge in the plume, for example, in stacks without Cottrell precipitators.

The sign of this charge could be controlled; this might be useful in

separating one particular source from a background of discharges from- other stacks.
So far it has been found that plumes from industrial stacks with and without precipitators are negatively charged (Moore, Vonnegut, Semonin, Bullock and Bradley, 1962;
Boeck, 1975; Markson, 1975a). While the potential for plume traoing with conductivity
measurements is still to be learned, past observations showed anomalous conductivity
decreases when the aircraft entered plumes within a few km of their stack sources
(Markson, 1975a).
Inherent properties of solid state atmospheric electricity instrumentation,
size and weight (like a cigar box), low power consumption (dry cells), make it ideal
for use on small aircraft or radio-controllod models. The cost of an electric field
or conductivity measuring system, exclusive of recorder, may be less than U.S. $100.
Chemical, particle and optical detection systems are larger, heavier, more complex
and expensive.
An advantage of the atmospheric electricity techniques is their remote
detection property; chemical and particle detectors are in situ only. Remote plume
detection with optical techniques exist including photography, radar, lidar, IR
spectroscopy and UV absorption. Lidar appears capable of tracking plumes for several
km (Hamilton, 1969), but this instrumentation cannot be used over inhabited areas
because of danger to the eyes of humans (Beran and Hall, 1974). Electric field
detection would work at night when photographic techniques would not.
For studying atmospheric turbulent structure, airborne electric field
measurements appear capable of providing much the same information as that of inertial
platforms at two orders of magnitude less cost. The limitation of the former is that
convective motions must be inferred; air velocities per se are not measured. The
patterns in potential gradient records observed above the exchange layer (Figures 17
and 18), illustrate remote detection of convective structure. This may offer a unique
advantage in applications where aircraft cannot be flown within the convective regime
under investigation, for example, in a low layer of stratus clouds or fog.
Atmospheric electricity instrumentation also has a certain capability of
remote detection of spatial and temporal variations in aerosol loading of an air mass.
Within this category is the possibility of detecting at night a layer of stratus or
fog from a high-flying aircraft or above an atmospheric electricity ground station
(see also Section 3.4.3.2.1 below).
The need in air-pollution meteorology for detailed information about the
atmosphere's vertical structure, the inversion in particular, has led to development
of new instrumentation such as microwave radiometers, laser devices, acoustic echo
sounders and various hybrid systems (Beran and Hall, 1974). Aircraft or balloon
soundings of potential gradient or conductivity are sensitive to cloud and pollution
stratifications as well as to the inversion; in some instances they may be more sensitive than temperature soundings in defining the atmosphere's vertical structure. They
respond to actual accumulations of cloud droplets, haze, or pollution as compared with
temperature profiles which indicate the potential for such particles to accumulate at
certain heights. Therefore, atmospheric electricity soundings appear to be a worthwhile complementary parameter to temperature in air-pollution meteorology. The former
could be obtained with relatively simple instrumentation (Moore, Vonnegut and Botka,
1968; Huddar, 1972) added to a standard radiosonde. An additional telemetry channel
would be needed, the humidity channel used, or one channel shared.
In sum, atmospheric electricity instrumentation appears to offer cheaper
and less complex methods than other techniques for several aspects of air tracing and
air-mass determination. In some applications it may have the greatest sensitivity.
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It should provide a useful tool to complement other instrumentation. The major problem
in measuring electric fields from an aircraft is caused by charge on the airframe.
However, through careful design and operation it is possible to measure ambient electric fields exclusive of aircraft charge (Markson, 1974a; Vonnegut, Moore and Mallahan,
1961; Kasemir, 1972). Operational procedures for obtaining reliable atmospheric
electricity data with ground or airborne instrumentation could be learned with little
difficulty· by technically competent personnel.
Geographic and orographic wind systems

Land and sea- breeze
It has long been well known that an atmospheric electricity station near
a coast is influenced by the difference between wind from the sea and wind from land.
There are at least three reasons for this. Bursting air bubbles at the water's surface
create electric charges, generally positive in ocean water and negative in fresh water.
Thus, if surf or whitecaps are present, a space charge layer is generated in this way
which will be carried by an on-shore wind to the land before it slowly dissipates.
Second, the electrode effect, expressed in a positive space charge (in fair-weather
situations) in the first metres above the surface, is usually more pronounced over
water than over land. Third, the aerosol conditions of coasts are different from
those over land, and the distribution again depends on wind direction (and velocity);
(see, .e.g. Miih1eisen, 1959).
Orographic wind systems
Influences of wind on atmospheric electricity parameters in
mountain regions, general
The orographic structure of a mountain region causes:
(a)

geostrophic winds to be deflected, accelerated or decelerated;

(b)

the raising or lowering of currents caused by obstacles like
mountain ridges;

(c)

local convections commonly referred to as valley winds, or
mountain and valley breezes.

It is known that these processes make themselves clearly felt in the
development and condition of the local weather, e.g. in cloud formations typical of
the respective mountain region under certain wind directions (marked convection and
accumulation of clouds to the windward, only slight clouding or lenticularis clouds
to the leeward); in the quantity and structure of precipitation; and last, but not
least, in the local and time variation of aerosol concentration and constitution.
We may therefore expect orographic wind systems in mountain regions to exercise an
intense influence upon the behaviour of the atmospheric electricity parameters. The
following discussion is limited to some typical examples and some additional points.

3.3.5.2.2

Nocturnal avalanching flow-off of cold air on mountain slopes

The nocturnal cooling of the inclined slopes due to the radiation of heat
leads to the flow-off of the cooled near-ground air into the valley. This process
does not take place continuously but in a quanta-like manner, at a frequency of two
to ten per hour, depending on orographic and geostrophic conditions.
With regard to their aerosol parameters, these air parcels descending into
the near-ground air mass will differ, as a rUle, considerably from the aerosol structure of the air masses residing in the valley space. As a rule the air flowing in from
the slope is much less polluted than the valley air, and will frequently carry space
charges which are mostly attributable to the electrode effect.
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Under such conditions which are particularly distinct in winter, atmospheric electricity recordings in the valley, near the slope, show a markedly unsteady
though mostly periodic variation, as demonstrated by Figure 21. In this case, the
electric field E, air-earth current density i and space charge density p
vary
synchronously at a mean frequency of 3.5 per hour. The conductivities of y+, y_
vary in opposition thereto. High values of field E and i are connected with an
increased positive space charge and decreased conductivity (or small ion density
n+, n_). They are to be attributed to the valley air mass and correlate with low
wind speeds, low temperatures (near-ground inversion) and increased air pollution
(high values of Aitken nuclei concentration and NO x trace gas concentration). The
wind peaks are indicative of the arrival of a slope-air lIavalanchetl of relatively high
temperature and, as a rule, low air pollution. Phase coincidence is not always present
nor to be expected as the intrusion of the air "avalanche" will cause eddying and
mixing processes which temporarily reverse or obscure the picture.
The point here is to show that periodic and drastic variations of atmospheric electricity parameters may be caused by periodic, orographically caused sliding
of cold air on slopes. There also exists the possibility. of space charges being
actively generated by slope-air avalanches in heavily polluted mariti~e tropical air
masses.
Reciprocation of current in a valley; valley winds
Valley winds do not blow steadily in the same direction nor with a halfway constant speed. Aside from the reversal of direction each time at sunrise and
sunset, the direction of the current may also be reversed in the time between. As a
rule this is caused by geostrophic influence. Attendant on any reversal of the
direction of current, practically regularly, is a variation in aerosol concentration
and constitution, because sources of air pollution exist in the valley or at least
in the outlying lands.
Because of the well-known relationship between the behaviour of the atmospheric electricity parameters and variations of aerosol constitution, a strong impact
of the orographically-caused valley winds is to be expected on atmospheric electricity
parameters. Figure 22 shows a typical example. In the valley in question, the daytime
current is normally directed from NE to SW. Figure 22 shows the effects of" a twice
repeated "polarity reversal ll of the current to SW wind with attendant decrease of
wind speed (geostrophic deceleration of the fine-weather valley wind).
Winds from NE or ENE will carry pollution (cf. behaviour of N = nuclei
concentration), winds from SW will carry very pure air as shown by Figure 22. A
corresponding response is also recognized in the behaviour of visibility V (behaviour
opposite to N). The variations of the atmospheric electricity parameters in Figure 22
agree with our presentation in Section 3.3.3 (above): Low air pollution and good
visibility cause relatively high values ofy+, y_ as well as n+, n_ and simultaneously
decreased field E. Air-earth current density Qoes not show clear in-phase variations,
which is in agreement with Ohm's Law.
Figure 23 shows a statistical analysis concerning the problem on hand.
Figure 23a reflects the dependence of total aerosol concentration on wind direction
in the four seasons. Air descending from the high mountains (IIBergwind ll or tfHangwind ll
in Figure 23a) shows extremely low pollution (10 - 20 mg/m 3 ) during all seasons, whereas
pollution is carried in from the northern valley (NW to NE), causing the values to go
up to a maximum of 70 mg/m 3 (especially in winter under inversions). Small-ion densities in Figures23b and 23c show an inverse behaviour. Th~ lowest values occur in
winter and with northern currents. The highest in down-slope currents from the
mountains.
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Figure 21
Pulsations of atmospheric electricity parameters (E field strength, i air-earth
current density; 1'+, 'Yconductivi ty,n+, n_ small-ion density, p space charge
density); of concentrations of air pollutants (N condensation nuclei concentration,
NO nitrous gases); and of air temperature T and wind speed w at time of flow-in of
sltpe-air avalanches into the near-ground air layer on the valley floor
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Figure 22
Variations of atmospheric electricity parameters (explanations see Figure 21); o£
condensation nuclei concentration N; of visibility V; o£ air temperature T; o£ wind
speed and direction Wt in the valleyspaoe with multiple reversal o£ the £low
direction o£ the valley wind.
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Dependence of aerosol concentration (mg/m 3 ) on wind speed, in a branched mountain
valley; broken down by seasons ••_ _••
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To summarize: the valley wind system controls the behaviour of the atmospheric electricity data, in dependence upon position and production of aerosol
sources in the valley or within the area influencing the valley wind.
In agreement with the presentation in Section 3.3.3, this means that
atmospheric electricity parameters, particularly small-ion density or small-ion
concentration, may successfully be used in studying the behaviour of orographic wind
systems, provided that the basic meteorological magnitudes are synchronously observed.
Foehn winds
If the geostrophic current traverses across high mountains, e.g., the Alps
(approximately from south to north in this case), the relatively dry and warm, poorin-clouds, and pure air descending north of the main mountain ridge is referred to as
"foehn" (in the Rocky Mountains the air descending to the west of the mountains is
called "chinook"). Because of its low content of aerosol particles and its high dryness (predominantly small aerosol particles; therefore very good visibility, as a
rule) it is distinguished by high values of small-ion densities and air conductivity.
Nevertheless; the foehn cannot be considered a particular phenomenon as to the
behaviour of the atmospheric electricity parameters. Analogous values of air conductivity and small-ion density, and also of the ratios oi')' + / )'- and n+ /n_, are found
in pure maritime air masses which have nothing in common with the foehn. Nor do the
other atmospheric electricity parameters show any striking behaviour in foehn, if their
basic relationship with the aerosol content is taken into consideration.
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Figure 23(c)
Dependence of small-ion density (b positive, c negative) on wind direction, at the
same location and during the same period of time as in (a), also broken down by
seasons (legend, see Figure 23(a»
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However, strong whirling-up of snow along the mountain crests, with
simultaneous electric charge separation, must be expected with the foehn (see next
paragraph) •
Charges from drifting snow
Orographic and other winds cause drifting snow in high mountains throughout the year. Drifting snow is highly charged, generally positively (this depends,
to a degree, on the temperature). Positive charge carriers in the atmosphere may
cause a positive space charge in the air itself, because they attract the negative
fast ions.

Whirled-up snow crystals may be carried by the wind over many kilometres.

Very often they are invisible or, at least, not visible from the ground (while an
observer on a higher mountain looking in the direction toward the sun may observe a
glitter), and even where the snow crystals do not reach, the space charge may. In the
region below (valleys, lowlands in lee of mountains) the electric field is more positive, usually to such a degree .that it may be used for detecting such air motion to
some height. (Strictly speaking, since drifting snow constitutes a "local generator",
this subsection should be part of Section 3.4 which discusses disturbed weather. We
have treated drifting snow here because it is often undetected in otherwise fairweather areas but still influences the electrical parameters. For the use of the
electric charge of drifting snow as a tool for weather prediction see Section 3.4.2 espeoially important in high latitudes).
Solar terrestrial effects, influences from the ionosphere and beyond
The existence of such influences
At the present time, after the XVIth General Assembly of the International
Union of Geodesy and Geophysics at Grenoble in August/September 1975, the question of
extraterrestrial influences on meteorological processes is a highly debated issue with
strong convictions noticeable on both sides. As stated above (Section 2.2.4), atmospheric electricity measurements indicated very clearly the possibility of such
influences, also in a somewhat controversial way. If we consider the figures 152
(p. 355) and 249 (p. 493) in Israel (1973), taken from Bauer (1924, 1926) and Hogg
(1955), we see a rather close correlation between sunspot numbers and atmospheric
electricity parameters, but the phase is not always the same and correlation seems
to change into anticorrelation, Fischer and Mtihleisen (1972) also compare atmospheric
electricity parameters and sunspot activity. In the late 1950s and 19608 it was,
above all, R. Reiter (1958, 1960, 1964, 1969, 1971, 1972 ff), BOSBolasoo (1972), Cobb
(1967), Markson (197l) and MUhleisen (197l) who established relationships between
distinct solar events and the magnitude of atmospheric electricity parameters. The
existence of such relationships can no longer be doubted.
A brief discussion
A much more difficult problem is posed by the necessity to find a physical
1l1ink ll , to explain the physics of such influences. In considering this problem, it is
essential to remember that we have observations which seem-to indicate that the atmospheric electric ·consequences may not be global in all cases but appear only in some
"regions" of the globe. This can be proven only by a kind of atmospheric electric
synopsis (simultaneous measurements at various localities well distributed around the
9'lobe). It was an essential goal of the "Atmospheric Electricity Ten-Year Program"
lDolezalek, 1967; 1972) to prOVide for such synoptic approach. In a series of seven
so-called "Intensification Intervals ll such measurements have been made during the
time span froml969 to 1974, and many results have been obtained. Lack of funds has,
so far, prevented an adequate evaluation of these results. A first impression,
communicated here with some hesitation, was that regional differences of sufficient
magnitude to be measurable are only exceptions, but they have been observed.
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These observations relate to three groups of solar events. The historic
observations correlate to sunspot numbers; the efforts of Bauer (1924, 1926) and Hogg
(1955) have been taken up again by Fischer and Mlihleisen (1972). A second group
investigated with different methods by Mtihleisen (e.g. 1971) and R. Reiter (1958,
1960. 1964. 1969. 1971, 1972 etc.) and Bossolasco (1972) relate atmospheric electricity
observations to solar flares which in themselves are observed by various methods. In
the third group. pioneered by Markson (1971), atmospheric electric variations are
traced to the crossing from positive to negative solar sectors or vice versa (after
1971 Markson could confirm that the effects for + - crossings are different from those
of - + crossings). Since we mention these facts here only because the possible effects
of solar variation on terrestrial weather now constitute a problem area in meteorology,
we do not want to go into a speculative consideration of the various suggested mechanisms. We would point out, however, that methods which basically observe variations
(regional or global) of ionospheric potential which seem to be caused by solar variations. do not allow a conclusion that the number, distribution, cloud-top height, or
severity of the global thunderstorms are the cause for the observed variations. That
may be so, but it is by no means proven -- and the assumption is as hypothetical as
are several others. Nevertheless, we close this section with the following comments
by an expert in this field.
Discussion of one hypothesis
For many years students of meteorological phenomena taking place in the
lower atmosphere have been concerned with possible relationships between various
weather phenomena and sunspots and other solar actiVity. Although these investigations
have been suggestive of correlations between solar phenomena and terrestrial phenomena
in the lower atmosphere, such correlations have been met with soepticism by many students of meteorology. In reoent years, however, with our improved understanding of the
details of solar phenomena, this picture is ohanging, and quite convincing correlations are now being obtained between the behaviour of our lower atmosphere and activity
taking place on the sun. One of the more impressive kinds of relationship now being
demonstrated is that which appears to exist between the position of the earth in the
solar sector and the characteristics of the atmospheric circulation. The suggestion,
first put forth by Ralph Markson (1971), that weather might be related to the solar
sector, has been confirmed by recent pUblications of Hines (1974) and Wilcox et al.
(1974).
The existence of such solar terrestrial relationships poses very interesting scientific problems to the theorist, for it is difficult to see how the flux of
ionizing particles into the atmosphere could modify the dynamics of air circulation
in the lower atmosphere. It appears that one of the possible links between ionizing
radiation from the sun and the earth's atmospheric processes may have its origin in
atmospheric electricity. For example, as has been pointed out by Markson, ionizing
radiation from the sun may be able to affeot thunderstorm electrification significantly
by modifying such properties as the electrical conductivity of the air in the upper
environment of thunderstorms. According to many theories of thunderstorm electrification, increases in conductivity of the sort to be expected would cause modifications
in the electrification of the storm.
If, as some scientists are beginning to believe, thunderstorm electricity
plays an important role in the cloud physical processes within the thunderstorm, it
is possible that modifications in thunderstorm electricity might result in significant
changes in the properties of storms and their influence on atmospheric oirculation.
It would appear highly desirable that we obtain a much clearer picture than we now
have concerning the nature of the electrification processes taking place in clouds and
its relation to the weather, so that we may evaluate not only the effect of extraterrestrial ionizing influenoes, but also ionization that may result from man's
activities in releasing radioactive substances into the atmosphere.
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3.4

Examples of tracing possibilities, (b) "disturbed weather"

situations
Introduction
As was indicated in Section 3.3.1.1 above, we should distinguish between
fair-weather and disturbed-weather situations. With regard to the latter which will
be discussed in this section, we deal, in principle, with meteorological processes
which transform other forms of atmospheric energy into electric energy, that is, the~
are "generatorsll, (More is said about this in Sections 3.3.1.1, 3.3.1.3 and 3.3.1.5),
The transition from fair to disturbed weather as defined for atmospheric electricity
is a smooth one. For example, it may be doubtful whether the energetic processes in
fog (latent heat, gravity) are sufficiently important for electrification to call fog
a generator, but fog has always been counted under "disturbed-weather" electrioity.
We discuss below a small number of examples depicting how certain
meteorological processes may be monitored by atmospheric electricity measurements,
either as a supplement to other, non-electric methods or, in some rare cases, instead
of such methods.
Prediction of blizzards in polar regions
The relatively high electric charges acquired by snow crystals blown aloft
from the ground constitute a somewhat conservative feature; the very low conductivity
of the atmosphere takes a long time to dissipate them. A classic work on this is the
paper by J. Scholz (1935). The sign of the charges shows a dependence on temperature
as, in general with snow in the atmosphere, in temperatures lower than a few negative
degrees Celsius the charge is generally positive (Dolezalek, 1957a).
Fine, but highly-charged snow crystals are regularly carried to some height
and transported by the stronger winds in the higher tropospheric layers over large
distances, being invisible from the ground but effecting strong increases of the airearth current density and the electric field under them. Scholz and several expeditions after him used this feature as a tool to detect approaching blizzards.
For a similar effect in regions of high mountains see Section 3.3.5.2.5.

3.4.3

Atmospheric electricity sensing and prediction of development and
dissipation of fog
Introductory remark

In the 1950s, continuous recordings of _several atmospheric electricity
parameters became an acknowledged txll of r~search and were carried out more frequently
and simultaneously with several ~eteorological parameters at the same station over an
extended period of time (notably by Israel, Kasemir, Dolezalek et al. in Germany and
Switzerland; by Anderson, Gathman, Holzer, Hoppel, Kasemir, Ruhnke, Trent et al. at
various places in the U.S.A. and Greenland). Some watchful observers independently
noted that they -could predict the formation of fog one to three hours ahead, and the
dissipation one half to one hour ahead. Surprisingly, this held for all types of
fog, but only in roughly 80 per cent of the cases. A review of this ltatmospheric
electric fog effect ll was given by Dolezalek in 1963. Since then numerous investigations
have been undertaken which in most cases have confirmed the observations. In some
cases when fog formed out of a situation with long-lasting dense haze, the percentage
of valid predictions went drastically down. Although it is highl;r probable that the
physical explanation is the absorption of fast (so-called "small") ions by aerosol
particles which increase with increasing relative humidity, the situation is far from
clear (for instance, not all humidity increases lead to fog even in the presence of
aerosol). A thorough investigation prepared in the 1960s was never carried out
because of lack of funds.
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It is our opinion that the application of the atmospheric electric fog
effect should not replace other fog prediction methods but, from our experience, we
claim that it should supplement them.
Many a practical meteorologist, at first highly sceptical, has found that
in doubtful cases the atmospheric electricity instrument proved to be quite helpful.
Good measuring techniques are, however, essential. There are a few
examples in the literature which demonstrate that necessity. The primary element to
be measured is conductivity; if measurements of the electric field and air-earth
current density can be made in addition, the reliability of the results can be better
estimated, and in some cases additional information can be obtained.
Our present understanding of fog formation is far from satisfactory.
Therefore, it cannot be expected that we can fully understand the atmospheric electrio
fog effect. Vice versa, more investigation of this effect may be expected to promote
our general understanding.
The following paragraphs present a review of this item.and some related
objects by an expert in this field.
Fog sensing and prediction
3.4.3.2.1

General remarks

Airborne particles in the atmosphere such as condensation nuolei, dust,
or fog droplets display a high variability, both in concentration and in particle
size. Because of this variability and the importance of airborne particles to the
recombination process of fast (small) ions, atmospheric electricity parameters are
in their variations closely coupled to the aerosol, in particular during formation
and dissipation of fog. This is usually expressed in a physical similarity between
optical and electrical properties of a turbid atmosphere (Ruhnke, L.R. 1966).
A further similarity is evident in the condensation/evaporation process
and the acquisition and decay of natural electrical charges on fog and dust particles.
While mass transport to and from fog particles depends on relative humidity (Fitzgerald,
1974), and the average equilibrium charge on fog particles depends on the space charge
environment (White, 1951), both processes are also strongly size dependent. The
different time constants of mass and charge transfer offer the mass-to-charge ratio as
a significant diagnostic tool in assessing evaporation and condensation stages.
Among other diagnostic properties, one has to recognize also a causal
dependence of the state of fog on electrical phenomena. Electrioal fields and charges
play a significant role in the coalescence mechanism for such small particles where
hydrodynamic coalescence efficiencies are low (particles of 5 to 15 pm diameter)
Krasnogorskaja, 1965; Sartor, 1960). In this size range, even naturally occurring
electric fields are critically influencing coalescence efficiencies. This mechanism
offers the possibility of using artificial electric fields and charges as a means of
modifying fog at will.
Another effect which can be used for artificial fog modification is
Coulomb forces which can significantly modify graVitationally induced fall velocities
as well as generate a maSS divergent flow (Ruhnke, 1966). This process is technologically well advanced in the area of electrostatic air filters.
At present, applications of atmospheric electricity to fog meteorolo~ are
hindered (a) by a lack of research effort directed toward operational use, and (b) by
the difficulty operational meteorologists experience in including new microphysical
and small-scale parameters in their arsenal of measurement variables.
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Fog sensors
For the meteorologist and for the user of meteorological information, it
is important to know more detailed measurements of the state of fog than merely its
presence or absence. The detailed information usually needed is visibility, liquid
water content, spatial extent, degree of homogeneity, and height. Slant range
visibility for aircraft landings, the protective properties of fog for citrus growers,
the amount of drinking water which can be collected from fog, maximum safe velocities
of highway vehicles or of ships on foggy waterways, are examples of user applications.
Several atmospheric electricity sensors can be used to provide such information.
Most important are those which offer possible advantages over existing conventional
methods.
Visibility is most often needed to determine optical contrast at a given
distance. It is derived usually through measurement of attenuation of a light beam
and conversion of the obtained scattering coefficient to visibility (Koschmieder, 1924).
The scattering coefficient relates also the cross-sectional area per volume to the
combination coefficient of small ions and airborne particles. Keeping in mind a high
variability in time and space of airborne particles, one can correlate small-ion
density and electrical conductivity to visibility within the accuracy of direct
vi~ibility measurements (Ruhnke, 1966).
The advantage of electrical sensors would be
that no moving parts or optical surfaces are involved in the sensor system, and that
the sensor output is readily a voltage or an electrical current. The method has the
further advantage that it senses airborne particles of an order of magnitude smaller
than by optical means because particles still act as recombination surfaces at sizes
below the regime of Mie scattering.
Liquid water content is measured either by sensing the heat needed to
evaporate all droplets, by water vapour sensing after evaporation or by sensing the
droplet size spectrum. All methods are either complex in nature, unreliable or inaccurate. Because the size dependence of the ion combination coefficient is somewhat
different from the size dependence of the optical scattering coefficient, a combination
of atmospheric electricity and optical sensors would give a measure of the water mass
per volume (Vonnegut et al., 1955). The advantages still have to be demonstrated.
The spatial extent of fog has a significant effect on the atmospheric
electric current flow. An area where the horizontal extent of fog is large compared
to its height, the air-earth current density is decreased proportionally to the height
of the fog (see Section 3.3.4.4 above). The current density can therefore be interpreted as fog thickness, provided that the current density under no-fog condition was
measured and that the electric density of the fog can be either estimated or determined
by measurement of electrical parameters. The method can be employed at ground level
or at aircraft level. Its advantage is its potential for passive remote sensing.
The electric field near log and space charge concentration inside fog are
both related to average droplet size, droplet number concentration and the shape of
the fog area. Electric field measurements from aircraft can therefore sense fog
properties remotely by electric field measurements (Kasemir, 1952).
The accumulation of electric space charge at the upper surface of the fog
because of ion impounding or generalized electrode effect can easily be measured for
the derivation of additional information.
Fog prediction
Fog forecasting by deterministic means through application of physical
models and proper boundary and initial conditions is in its infancy. Usually a
statistical forecast is employed by the operational meteorologist using climatology,
persistence and some empirically derived correlation like inversion height, lapse
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rate, or infra-red sky temperature.
In a search for more and better parameters that
correlate empirically to fog formation and dissipation, some atmospheric electricity
variables have been investigated and found suitable (Dolezalek, 1963; Gerber and
Trent, 1958). The physical relationship is basically founded on the fact that small
ions recombine on surfaces of airborne particles. As a consequence, small-ion density
and air conductivity relate to visibility and the cross-sectional area per unit volume.
Prior to fog formation, fog condensation nuclei grow in size with increasing relative
humidity until at somewhat above saturation levels droplet formation occurs. These
particles reduce visibility somewhat prior to fog, but because the size of these
swelling nuclei is often below the Mie scattering regime, a comparatively stronger
influence on small-ion density occurs. During fog dissipation, droplets evaporate
faster than electrical charges dissipate, leaving the droplets with higher than
equilibrium charges. Possible charge ejection by corona or by mass ejection because
of electrically induced marked reduction of surface tension can produce small ions
and charge separation between droplets and air (Owe Berg and Vaughn, 1969). Smallion density, conductivity, space charge concentration, charge-~o-mass ratio and
polarity of droplet charges are therefore deterministic tools for indicating formation
and dissipation cycles in fog.
These in turn can be used as prognostic tools to
indicate the onset or end of fogs.
Advantages are high sensitivity compared to optical
methods, electrical sensor outputs, no moving parts for some of the methods, and no
"optical surfaces".
Fog modification
Modification methods for supercooled fog have been developed to an
operational stage using silver iodide, dry ice or propane to trigger ice nucleation
(Fabre, 1972). However, 90 per cent of all fog cases where artificial modification
would be beneficial occur at temperatures above freezing where this trigger mechanism
cannot be used. Modification methods for warm fog are in the research stage with no
apparent favourite yet among several methods.
Besides electrostatic methods, seeding
with hygroscopic nuclei (Silverman and Weinstein, 1973), heating (Kunkel et al., 1974),
and artificial convection (Plank et al., 1970), all probably have their place of
priority under certain meteorological conditions. The advantages of electrostatic fog
dissipation are a low power requirement and no environmental contamination. Approximately 30 mW/m 3 of electric power are needed to keep fog from forming at cooling
rates which usually occur during fog formation (Ruhnke, 1970). This power, however,
has to be generated from kinetic power with an efficiency of about 1 per cent. The
combining power needed is nevertheless several orders of magnitude below the power
needed for heat
or artificial-convection methods. Laboratory experiments (Jiusto,
1972), theoretical investigations and limited field tests (Chiang et al., 1973) have
shown the feasibility of electrostatic fog dissipation. Space charges blown into the
fog generate a highly charged fog aerosol and a highly divergent electric field.
Near the ground, high electric fields limit the space charge concentration obtainable.
Coulomb forces then generate a mass divergent flow of the charged fog droplets
(Ruhnke, 1970), and high fields induce coalescence and increase gravitational settling
velocities (Latham and Smith, 1971). A theoretical estimate of relative importance of
Coulomb forces as compared to coalescence mechanisms needs investigation.
Before the methods can be put to operational use, some technological
problems need to be solved:
these are the efficient generation of low mobility space
charges and the rapid transport of space charges into the fog.
Severe weather prediction, detection and monitoring
Electromagnetic detection of tornadic conditions
The development of an electromagnetic technique suitable for tornado
detection was undertaken several years ago in the Wave Propagation Laboratory in the
Environmental Research Laboratories of the U.S. National Oceanic and Atmospheric
Administration.
Initial observations were made by Taylor (1971 and 1972) during the
1969-1971 tornado seasons, in co-operation with the National Severe Storms Laboratory.
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This earlier work consisted of searching for an electromagnetic signature suitable for
detecting tornadic conditions by observing the radiation from lightning discharge
processes (sfsrics) in the frequency band from 10 kHz to 137 MHz.
Taylor (1973a, 1973b and 1974) concluded from the previous work that:
(a)

the observed level of sferia activity (emissions from lightnipg
discharges) correspond closely with the severity of a thunderstorm;

(b)

severe storms that produced tornadoes were generally associated
with greatly enhanced sferia activity, with many bursts of high
sferia rates;

(0)

the enhancement in burst rates was easily
frequencies above about 1 MHz;

Cd)

the source of the sferia bursts is not necessarily the tornado
vortex but rather the main parent storm.

recognized only at

These oonolusions are in general agreement with the work of Jones (1965);
Lind et al. (1972); Souten et al. (1972); Silberg (1965); and Standford et al. (1971).
An instrument was developed to measure remotely the sferie aotivity of
thunderstorms as indioated by the sferics "burst rate", which is simply the number of
clusters or groups of large-amplitude sferics occurring in a one-minute period
observed at a centre frequency near 3 MHz and a. bandwidth of 10 per cent. Results
obtained from 15 tornadic storm detectors installed within or near "tornado alleyll
(a stretch of land in the central U.S.A. where frequency of tornado occurrence is
large) during the 1972 and 1973 storm seasons indicated that about 70 per cent of
all reported tornadoes attained a burst-rate level of 20 per minute - presumed
indicative of tornadic conditions - which gave a failure-to-alarm rate of 3 in 10.
At the same time a small percentage of non-tornadic storms also attained the 20 bursts
per minute rate. This resulted in there being only about one chance in four that a
tornado was actually present within the nominal 70 km range of the equipment when
this alarm-level burst rate was reached, which gave a false alarm rate of 7 or 8 in
10.
One of the limitations of this initial tornado detector was that it did
not indicate the direction from which the electromagnetic signals arrived. This omnidirectional characteristic resulted in a relatively large number of false alarms
(warning levels during periods of no reported tornadoes) that were often caused by
the additive effect of numerous non-tornadic sources occurring within the response
range of the detector. Twenty new detectors employing the sequence of arrival of
transient signals from lightning discharges in the 10 MHz to 80 MHz frequency range
were developed so that received signals could be partitioned into 8 azimuthal sectors
of 45 degrees each. Preliminary results from 1974 observations indicate essentially
no change in the failure-to-alarm rate but a reduction in the false alarm rate to
about 6 in 10.
Further improvements were evaluated during the 1975 season prior to
transferring this technique to the national Meteorological Service for operational
use.
3.4.4.2

Thunderstorm prediction

Meteorologically, a thunderstorm is defined as a cloud which produces at
least one lightning. In this sense, a thunderstorm is an electrical meteorological
parameter and has therefore been treated above in Section 3.2.1.
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As shown there, the ttoperational forecast ll of lightning hazard -- short
time, small area,highly reliable prediction -- is of special interest.
Atmospheric electricity measurements can also be used for the detection
of clouds which may become thunderstorms, i.e. which have not yet produced lightning.
Most promising is a combination of methods to detect atmospheric instability aloft
by observing sign reversals of the electric field (see Sections 2.3.1 and 3.2.1.2
above), with a measurement of the magnitude of the electric field plus the observation
of HF or ultra-high frequency electric pulses which are emitted from clouds in which
electricfication processes are active but the breakthrough fields are not yet reached
(Sartor, Lewis). Flying with an instrumented aircraft under a cloud and observing
electric fields in the order of 100 kV/m is also a rather reliable indication (Kasemir).

3.4.4.3

Severe weather area climatology

A number of researchers in atmospheric electricity, Cobb, Freier, Horner,
Lane-Smith, Pierce and Ruhnke, have pointed to the possibility of remotely obtaining
a medium-scale or large-scale survey on severe weather areas with the use of sferics.
This will not necessarily be a quantitative means, but since other means (e.g. sat~
ellite pictures) are not basically better in this respect, a combination of means
seems to be advisable.

3.4.5

Change of phase of precipitable water and change of type of
precipitation
Phase changes of precipitable water

Inside clouds, when water changes its phase, electrical effects usually
occur. The resulting precipitation may change phase again, usually melting, but this
last change of phase may occur without change in the electric charge. The electric
charge then carries a signal about the former phase change with it, and may provide
this signal to measurement at the ground. This is perhaps but one possibility to
explain how phase changes may be traced by electric measurements. There is much
literature on this subject, but no serious attempts at applications for practical use
are known.
Change of type of precipitation
What has been said above on the phase changes of precipitation holds, in
part, also for types of precipitation, especially for a shift related to a change in
stability, such as from quiet rain to showers. There are very strong electrical
differences connected to such change in rain type.

3.4.5.3

Phase changes of precipitation

For a station in cloud, the electric field usually increases rapidly by.
an order of magnitude or more if the precipitation changes from drizzle into graupel.
Forecast of precipitation
To the researcher in atmospheric electricity, the hypothetical possibility
of forecasting the onset of precipitation and any change in the type of precipitation
does not seem so remote. MUhleisen, Reiter and Uchikawa have pointed to this. No
serious attempt to follow this up has been undertaken.
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Assessment of weather modification
Determination of effectiveness of weather modification
Because of the quick reaction of atmospheric electricity elements and
their fast propagation, effects of cloud seeding and other methods of weather
modification could probably be traced immediately. This would provide a much
desired possibility, but more research will be needed.

4.

4·1

EDUCATION AND MEASUREMENT

Introduction
Experience has shown that for a successful evaluation of the potential of

atmospheric electricity concepts and methods for purposes of general meteorology it is

not sufficient to assign the task of designing some measurements to a scientist and/or
technician even if they have had excellent training and experience in other fields of

meteorology or physics. Some effort must be made to learn the ways of thinking and
the essential facts of atmospheric electricity and to overcome faulty conceptions which
may have been absorbed in the course of general schooling. Atmospheric electricity
measuring techniques are not just specializations or extensions of other teohniques;

additional points have to be taken into account.
Both aspects are discussed in this chapter.
Education
Atmospheric electricity is a scientific field which for the large majority
of physicists is outside their normal considerations. It is not a part of electrostatics because the fundamental difference between conductor and insulator is smoothed
out in atmospheric electricity and we always have currents (which occasionally may
assume extreme magnitudes).
It is a field with some strange features when studied by the electrical
engineer: in some parts of atmospheric electricity, wood is an excellent conductor;
we encounter conduction currents, convection currents and displacement currents at
the same time in the same volume of the atmosphere, with both their densities and
the frequency of their variations in time being in the same order of magnitude for all
three. The range of magnitUdes spanned in atmospheric electricity is very large.
Table 5 gives a few examples. This also demonstrates the need for a variety of
essentially different measuring methods even for the same parameter.
Figure 24 shows where atmospheric electricity is placed in the frame of
plasma physics: at several rather different locations (labelled "Earth's atmosphere"
for the domain of fair-weather and disturbed-weather electricity; "Earth's ionosphere"
and "Interplanetary space" for high altitude considerations, "Glow discharges II for
some transition fields, "Low pressure area" for lightning physics).
A consequence of this unique situation is that we frequently observe that
our domain of work appears as a strange animal to many of our fellow scientists. We
also encounter large misconceptions and misleading presentations even in encyolopedias
and in university lectures.
The domain of atmospheric electricity is usually given only cursory treatment in the university education of the physicist, the electrical engineer, or the
meteorologist, often in an over-simplified manner, and is quickly forgotten. This
state of insufficient information underlies the fact that almost periodically in the
history of atmospheric electricity we see (a) the emergence of unfounded claims,
especially in the domains of lightning protection and of atmospheric electric influences on health, well-being and human behaviour, (b) representatives of government
falling prey to such claims, and (c) considerable commercial profits being made by
irresponsible exploitation of the general public by sometimes even well intentioned
entrepreneurs.
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TABLE 5
Ranges of values to be considered in atmospherio electricity

Distance:

10- 9 to 10

6

metres

Voltage:

10- 9 secs to eleven-year period
-15 to almost 10 6 amperes
10
10- 13 to 10 9 volts

Resistance:

1 to 10

Capacitance:

10- 12 to almost 1 farad

Charge:

10

Time:
Current:

-18

18

ohms

to almost 10

6

coulombs
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It is difficult to improve this situation. The few scientific monographs
and textbooks on atmospheric electricity require effort and time which very few can
spare; the large number of publications in conference proceedings and in scientific
journals are difficult to understand even for the university educated layman, and the
popular treatments are too simple to be of much use for anyone who wants to understand
and to enter the field with some measurements of his own. There was a brief disoussion
of this fact during a meeting on Education and Training in Meteorology and Meteorological Aspects of Environmental Problems in February 1975 in Caracas (WMO - No. 432,
1975).
The result is that anything now available in print is either too simple
or too complicated for many practical meteorologists who might consider including
atmospheric electricity in their activities. An exception is the field of lightning
physics, in which M.A. Uman has published an excellent introduction (1971) and an
excellent monograph (1969).
A survey of fair-weather and disturbed-weather electricity has been
written for the purpose of educating the physicist or the meteorologist in atmospheric
electricity. It has been used four times in two-day courses intended for undergraduate
students (though given to their professors). It refers frequently to the monograph
by Israel for a more detailed study of individual items. An extension to the domain
of sferics is intended. So far, however, no publishing house has been found.

4.3

Measurement
Introductory remark

There is no comprehensive presentation of measuring methods in atmospheric
electricity which includes modern electronic techniques and data-handling possibilities.
A generally available background is given in the appendices of the two volumes of
Israel's textbook (1971 and 1972) but it is no more than a background. Numerous
articles have been written on individual methods, either expressly so or included in
reports on the results obtained with them; and new ones appear all the time. Even
if one could read them all, one might not have the complete picture since in some
cases essential practices may have been inherited by a researcher from his teacher
without ever being written down. A new paper by Dolezalek (1976) tries to fill that
gap (not yet published).
A concise survey on some techniques was presented recently by Lane-Smith
(1976). Papers by other authors following that by Lane-Smith in the same session of
the Proceedings of the Garmisch Conference are- also of interest.
The following section contains some points which may be of special interest
to a meteorologist who wants to make atmospheric electricity measurements.
Elements
The measurement of atmospheric electricity elements suffers from a number
of difficulties which may look complicated or strange to colleagues from other fields
where methods and what they actually measure can be better defined. This is probably
a reason for hesitation in dealing with these problems - but such difficulties do not
exclude successful measurements. They require, however, careful consideration of
limitations and possibilities.
Reasons for such complications are manifold. To name a few: (a) conduction current, displacement current, and "convection current" (mechanically driven
space charges) may all occur at the same time in the same space and in the same order
of magnitude; (b) the average horizontal stratification near the ground which basically
disallows comparison of values from layers often much less than a metre apart; (c) the
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existence of the electrode effect; (d) the fact that basically the instrument itself
disturbs the condition it is supposed to measure; (e) different time constants with
different elements in their variations; (f) the fact that many methods do give an
integration over some time; (g) technological difficulties in and with the antennae
including effects of plants and animals.
These difficulties occur with differing severity in fair- and disturbedweather situations, and must generally be taken more seriously if greater accuracy
is required.
For a given measuring task two basic problems must be investigated:
(A) which element is it which I want to know (for example: conduction current only,
or conduction current plus displacement current; one polar or both polar conductivities;
fast ion or total space charge; etc.); (B) which elements do I have to measure to
obtain reasonable information on the element I want to know?
Problem (B) most often points to the necessity to have some meteorological
parameters measured at the same time and place, whenever these parameters may cause
disturbances. It is almost standard requirement for all fair-weather electricity
measurements to get information on temperature, humidity (of interest are both
relative and absolute humidity), wind direction, wind force in coarse increments,
cloudiness, precipitation or not.
A second aspect of (B) is the fact that Ohm's Law seems to be not fulfilled, that generally we do not know which element(s) is (are) faUltily measured,
and that we only know whether or not it is fulfilled if we measure all involved
elements and determine the factor
i

where Q is a non-dimensional factor, i is the conduction current density, E the
electric field, ~ + and ~ - the positive and negative polar conductivities, respectively. This is valid under the assumption that the elements are all measured at the
same time and place. The latter condition is never fUlly realized, since the antennae
for the various elements use different parcels of atmosphere for their measurements.
In disturbed-weather conditions, the magnitude of the elements is often
so great that disturbing influences are over-ridden; or we are only interested in
large variations which penetrate disturbing influences.
Even in fair-weather situations, the possible disturbances may be immaterial for one or other task, but the test indicated above with problems A and B should
always be made.
Table 6 provides average values of some atmospheric electricity parameters
of the fair-weather situation.
Space charge densities are not included because it is
not practical to derive average values for them. It may be mentioned that the average
surface charge density of the globe (solid and liqUid) is in the order OI I nanocoulomb per square metre in fair-weather areas, and is negative. In disturbed-weather
areas it is often positive and several orders of magnitude larger. The total net
charge of the earth - for the solid and liquid globe as well as for the total planet
including its atmosphere - is not known and would be extremely difficult to determine.
According to my best guess it is practically zero.

4.3.3

Stations

In d~scussions on fair-weather electricity, the assumption is usually made
that the electric field is equal to but oppositely directed to a potential gradient,
i.e. the gradient of a scalar potential. Even. under this simplifying assumption~ the
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TABLE

E[ectrjcal Parameters of the clear (fairLweatherl

6

atmDsphere~ pertinent

to the Classical Picture of Atm. Electricity

All currents ;md Held listed are part of the gfobal current circuit, i.e... circuits of local generatDrs are not included. ValuEs are subject to variations due to latitude, altitudlJ of the point of
observation above sea level. locality wlth respel;t to sources of disturbances, meteorological and climatological factors, and man-made changes.
Part of atmosphere
for which the Villues

are calculated (Ere-

Currents, I. in A;
and current densitres, i, in A/m 2

PotenliCiI 0 ifferences, U.
in V; field strength E in
Vim; U "" a at sea level

ments- are in free,

Resistances, R j n 5Z;
I

Columnar resistances,
R<;, in H m2"; and
resistivities. P. In n m

cloudless atmos-

Conductances. G, ill !2-l-;
Columnar conduct.Jnces.
Gel in
t m· 2 ; total

n-

condLJcti ... ities. A. in
!2-1m"'

Capacitances, C, in F;
Columnar C31)acilances.
Ge• io F rn- 2 and CCipaci-

tivities,

Time con'SlaoH; T.
in seconds

tn F m- I

E,

phe,e):

Volume element
at about sea level.
one cubic meter
lower colurnp. of
1 m 2 cross section

i=3xl0- 12

same as above

Center column of
1 m 2 cross section

at upper end:
U 1 = 1_8x 105

from sea level 10
2 km heighl
Volume- element
at about 2 km
height, 1 m 3

Eo = 1-2 x 10'

Po = 4x 10 13

ReI~6x

10 16

=

2.5 x 10- 14

Gel = 1.7 x 10- 17

co' 8.9 x 10. 12

To '"

Cel ~ 4.4 x 10- 15

Tel"" 2_6 x 102

3.6 x 102'

(0'
~

0.6 x 10 1

~

same as abDve

E,

same as above

at upper end:
Um~ 3.15x 10 5

Rem = 4.5)( 1016

same as above

El,~4_2xl00

from 2 to 12 km

P,

II,

2.2 x 10'3

=

4.5 x 10- 14

c2

= 8.9 x 10. 12

10. 1 6

T2- 2 ){10 2

10 1

Gl:m = 5 X 10. 11

Cr;:m

P'2 = 1.3x 10 12

.\,2 = 4.0x 10- 13

C:"12-=8.9x 10-11

T '2 :- 1.2 x 10 1

R cu

G.c: u = 2.5

C cu '::" 1.67 X 10. 16

Tell ....

=

8.8

X

;

em

= 1.8 X

1<)

Volume element

at about 12 km
height, 1 m 3

110

Upper carumn of

1 m 2 cross section
from 12to 65 km
height

same

ilS

above

at upper end:
U u = 3.5 x 10 5

-.=

1.5

X

10113

X

10- 17

6.7

X

10(11

Whore column of

1 m 2 cross section
from 0 to 65 km
height
Total spherical
capacitor areCl:

5x 1014 m2

same as above

I = 1.5 x 10 3

at upper end:
U = 3.5 x 10 5

U=3.5x 105

Re

=

1.2x 10 17

R ~ 2.4 x 10'

C e ~ 136

G' 4.2 x 10. 3

C

x 10·15

6_8 x 10"

1.64.10

'

Values with a star, +, are rough average Yillues from measurement. A star in parenthe~as, (~l. poin~s 10 Clo typiCi'll value from one ur a few me(llsurement5-. All other values have heell ci:llcu
lated from starred values, under the assumption, that at 2 km 50% and ilt 12 km 90% of the columnar resistance is reached. Volta9~ drol) along one of lhe 1)<IrHal co'umns can be c[llculilted bV subtracting the value for the tower column from that of the upper one. Columnar resistances, conductances, and capacitances are vallcl for Ihal particular Itart 01 UIl:! column
whit;h is indrcated at left. Capacitances are cah::u'ated wtth the formula for plate capacitors, and this f.act must be consldered alsO' for the time constCllll'J for columns.
According to measurements, U J the potential difference belween 0 m and 65 km may vary by a factor of approx. 2 (twol_ The tutal columnar resistance. R e , is estimated to VclrV up 10 iJ
factor of 3 (three), the varia1ion being due to eithl3r reduction of cOflduct~vity in the exchange laver ~about lowest 2 km of this lable) Of 10 Ihe f1res.ence of high mounlai(J~. in holh ca'Si.!'S
the variation is caused in the tropIJsphere. SmaUer variations in the stratosphere and mesosl)hero disclJ~~ed because of aerosol the.. .e. The air·u<trth cunenl density in fair·wea1her vilries
by a factor of 3 to 6 accordingly. Conductivity near the ground lJaries by a factor of about 3 (threel but only decreasinn, increa.se of comluctlvilV due to extraordinary rildioaclivitV i!l. d
singu~ar event. The field strength near the ground varies as a consequence of variations of air·car(ncurrcnt density and conductivity from about 1!3 to about 1001 lhe value quoled irt
the tsble. Conductivity near the ground shows a diurnal and an annual variation which depend" s.trongly on the roc~lily; air-earth currelil dert~ily :shO~VSi a diurnall.lnd <J''-'llal vmia1ioll
because the earth·ionosphere potential difference undergoes such variations, and because also the columnar resIstance is supposed to have a .Hurnal and prolJahly an ;i:lnnual variallon.
CDmpiled bV H. Dolenleh.. 1969
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mathematical treatment is involved enough, and it is therefore advisable to stay with
this assumption as long and as often as feasible. Fortunately, this is indeed
possible throughout most processes in fair weather electricity, if one may i~ore
transi tion between one candi tion and another, 800h as at the edge of a fog. vIe oan then
resort to a one-dimensional consideration - and may, in some cases, treat effects from
any horizontal field as disturbances. This, however, requires that we do not disturb
the one-dimension condition by the measurement itself. In other words: we must
position our antennae and probes on an open plane and design them in such a way that
they do not require considerations of a second dimension. Physically, motions of
space charges across equipotential surfaces constitute principally a generator, i,e.
a disturbance of the requirement that no such generator is acting (which is the basic
definition of the fair-weather situation). Over a plane, the equipotential surfaces
of the atmospheric electric field are parallel planes. Over a plane, space charges
(which are always there) move on the average horizontally with the wind, i.e. do not
cross equipotential surfaces. As soon as we introduce any disturbances of the planeparallelity, this condition is violated.
Because of this, and supported by experimental evidence (e.g. Dolezalek et
al., 1973), we conclude that for accurate and reliable, sensitive measurements of
fair-weather parameters, the plane-condition as defined by Benndorf (1928) must- be
fulfilled.

In the real world, this is not always possible. In particular,on a ship
or on a mountain it will often be impossible to meet Benndorfrs criteria (distance
from the antenna to each protrusion or depression in the neighbourhood to be five times
as large as the height or depth of the protrusion or depression). A mathema~ical treatment of the disturbances to be expected from deviations is often impossible; for
instance, the field distortions may be too complicated, the amount of space charge is
not known. But it may often be possible to use approximative solutions or to arrive
at a set of conditions which sometimes are met and sometimes are not. In the latter
case, the measuring result is then either discarded, or downgraded in its accuracy or
reliability.
In disturbed-weather conditions, the situation may be even more severe
because deviation from the one-dimension principle is frequent and strong. But since
the signals are also rather strong in many of these situations, the signal-to-noise
ratio may still be sufficient and useful results may be obtained if the requirements
with regard to accuracy are not overstressed.
In all circumstances, a station which corresponds to the open-plane requirement is preferable -- and consequences of deviations should be weighted as well as
possible. It is suggested that antennae for all elements should be in the same plane,
and supports fo~ antennae which are not on the ground should be electrically disconnected.

4.3.4

Antennae and probes

There are a few criteria for the design of atmospheric electricity antennae
and probes which are often neglected and which are also not always mentioned in descriptions of measuring methods. We cannot consider them all here, but a few examples may
initiate careful consideration of such aspects whenever measurements are planned.
Insulation against electric loss is an essential reqUirement for nearly
all instruments to measure fair-weather and many disturbed-weather elements. Water
skin on the surface of the inSUlation is especially damaging. Because of this, and
because good insulating materials can also accumulate surface charges which might
disturb the measurements, it is advisable to place all inSUlating materials in recessed
positions, where water, dirt, and charged aerosol of the atmosphere are less likely to
touch the critical surfaces and from where any accumulated surface charges will have
little effect.
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In the case of hydrometeors two other criteria should be considered.
Charged hydrometeors impinging on the measuring antennae or electrodes may grossly
falsify the results and water droplets falling from such antennae or electrodes in
an electric field will carry away charges.

The plane-parallel condition discussed in the preceding section also plays
a role in the mounting of the antennae.
If the antennae are not flush with the surface
of the earth, any supports should either be sufficiently removed from the sensitive
parts of electrodes or antennae, or should be made to disappear electrically (see Gathman, 1968). To measure in a field-distorted position and to apply a llreduction factor ll
to compensate for the distortion is not more generally acceptable because of the strong
diurnal and irregular variations of the reduction factor in many cases.
Finally, the possible influence of certain types of electrode effect on
the operation of atmospheric electricity antennae is to be evaluated. This may be
difficult because this situation is not scientifically fully understood.

4·3.5

Data handling

A feature common to many fields of geophysios, and certainly important- in
atmospheric electricity, is the fact that often large amounts of data are aooumulated
which will not be reducible to information. ~his situation becomes the mo~e seVere
the more automated the data acquisition is made, provided that the process of selection
of suitable data is not also automated sufficiently.
.
Unfortunately, this latter prooessoannot always be achieved. The problem
of the correct definition and, more importantly, the detection of the existence of
the fair-weather hour is not yet solved to general satisfaction. However, solutions
sufficient for many purposes can often be approached.
Another question to be considered is the required resolution in data
acquisition as well as in information display - including the correct averaging period.
The hourly average - historically introduced a long time ago - is a good general
requirement, but certain tasks require other periods or, in addition to the hourly
average, also require information on standard deviation" and frequency of changes
larger than a threshold.
Usually a decision must be made on the part of data management to be
conducted near the antenna, and on how the outcome can be stored in a computercompatible manner for subsequent processing in larger. computers. A real-time enhanced
or even interactive display will often be required in addition.
Development of special instruments
A little-noted item may be discussed here at the end of this Technical
Note, because it is, in a way, illustrative of the situati9n.p~tw~en res~arch and
application in this field.
Almost every scientist in atmospheric electricity will agree - after some
meditation, maybe - that for use by the meteorologist special atmospheric electricity
instruments should be developed, replacing the more general, more sophisticated, often
less automated instruments used in research. However, so little has been done in this
respect that one can almost say that this development is missing. Yet it is clear
that these instruments must be basically designed by the "atmospheric electrician ll
with the meteorologist consulting. We do not even have a clear concept of how it
should be done. Pioneer work has been done in the Kennedy Space Center; Phelps
developed a special instrument integrating point discharge currents and very suitable
for unattended operation; the combination of radar and sferics display is a step in
the right direction - and so we have a few examples. Probably by far the greatest
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effort has been made in the domain of lightning counting and sferics; the latest
development being the Ilatmospheric analyser 11 which is based on an investigation of

selectivity with regard to the many sferics parameters, but is not yet sUfficiently
automated for final operation.
It is obvious that the development of special instruments depends on a
clear definition of the measurement task in its significance to meteorology, and this
brings us back to the main body of this Technical Note.
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