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CHAPTER 1.. DEFINITION OF THE DPROBLEM

Te1. Introduction.

A brief perusal of the coﬁiinually iﬁcreasiﬁg numﬁef of scientific
journals oftén leads to the opinien that the progress in science is a
succession of minute advances on a very broad fro;t, each gathered

.fact contributing to the knowledge store. But any system relying on

an arbitrayy accumulation of information will not advance, save by
-chaﬁce, unless it has direction. Chance discoveries there have been,

and probably more than the formal standards of scientific writings

allow. Among these were tne discoveries of sulphanilamicde by ﬁhrlich and
Domagh while working on azo-dyes in 193C, and of penicillin by Fleming

as 'a result of noticing apparently insignificant details of his cultures.
It might be argued that these discoveries are reflections on the character
of the Qorkers rather than on the success of the 'normal' scientific
process of fact-gathering. for normal science is not iooking for
fundamental novelties, but for the ordered pattern acceptable to its
basic commitmenté and the unexpected discovery is thus not solely

factual in its result.

Roentgen (1) interrupted a normal investigation into the properties
0% cathode rays because he had noted that a barium platinécyanide
screen, at some distance from his shielded apparatus, glowed when discharge
vas in progress. Further-investigatioﬁ showed that the cause of the glow
came in straight lines from the cathode ray tube, cast shadows that could
not be deflected by a magnet,ana was an agent with some similarity to
light.

The announcement of X-rays was received not only with surprise, but



with some shock, for people had been using catﬁode'ray tubes for some time.
Although X-rays were not directly pfohibited b& theo;f, for thé liéht
spectrum contained visible, infra-red and ultra-violet areas, they did
violate deeply entrenched expectations._ \

The discovery of anomalieé thus produees a state of-tension within the ‘
accepted thought, for a change in tpe rules may reflect on much scientific
work that appears to have been successfully completed.

If there is no major theory to cover an area of science, then tﬁere
tends to be a rather negative restatement of the fundaments of the field
with little progress, as in the case of electricity, where in the early
beginnings of its scientific study, there were three segments of opinion.

Some felt that attraction and frictional generation were tbe basic
electrical phenomena with repulsion, a secon&ary effect, due to mechanical
rebounding. A very small gfoup held that attractien énd repulsion were
phenomena of equal magnitude and the third school regarded electricity
as a 'fluid' ruﬁning through conductors and their atteﬁpts to capture this
fluid led to ﬁhe Leyden jar. It was the concern of Franklin and his
immediate successors to explain the behaviour of this new experimental
vfacility which produced a major theory of electrical behaQiour. |

The alignment of thought around a major theory leads to the selgction
of experiments with far mére precise detail and requiring more specialised
equipment. The normal scientific studies of fact collection and theory
articulation become highly directed activities and result in scientific
papers describing investigationé of minute areas with very much reduced
-vision., This forces a study in depth agd detail which may bring up abnofm
~alities that would otherwise be overlooked and in turn, these abnormalitieé

2



may lead to the overthrow of the original major theory.

s in this method of scientific

T
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There is always an 2lement of cris
progress. Indeed the larger the crises, the more major the break with

accepted thsory.. lewton's theory oif light and colour was put forward
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ewton's because of the growing

concern with diffraction and polarisation effects. (2).(3).
Thermodynanics weas derived from the collision of two existing

nineteenth century physical theories(4) and quantuh mechanics from

difficulties with black-%ody radiation, specific heat and the photoelectric

lormal science is nct necessarily differentiated from crisis science
by a lack'of discrepancies, but the_research worker must be sersitive to
the importance of the discrépancy that confronts him.. It may require time
before it can be said whether a disérépancy is of importance to the

structure of a theory. It was sixty years after dewton's original comput-—

ation that the discrespancy of the predicted motion of the moon's perigze
to that of the observed motion could be shown by Clazirant to be only due to

the mathematics of application and would not require an alteration of

Newton's inverse square lcow. (5).

-

It may require experimental techniques more advanced than can be

-

provided at the time, a&s with Kepler, who in 1528, noted that the tails
of comets always curved away from the sun and correctly assigned this
curvature to a pressure exerted by the sun's rays; yet this could not be
experimentally aeﬁonstrated in a laboratory until 1901, when the effects,
‘of radiatioﬂ presshré were noted on delicate torsional balances.

3



It may also require interpretation as with the discovery of Uranus.
Between 1690 and 1781, seventeen different astronomers had seen stars in
rositions now calculated to be that of Uranus at-that time. In 1769, an

’

astronomer had observed it for four days without noticing any motion.

L4

ne;schei, in 1781, provided the experimental advance requiied, with a

new telescope of his own design,.and saw a disc shape which weas unusual for
stars. He did not idéntify it until he had given if further scrutiny and,
noticing its motion, he then announced that he had seen a new comet.

There were then sevgral months of fruitless'attempts to fit its orbit to

a cometary motion before Lexell sugrested that it might be a planet.(?7)

The advent of radio-astronomy has meant that astronomy is still an
area where anomalies require judgement as to whether they sup?ort and
confirm the major theory or whether they will become the vexations that
lead to thg ;riéis point in the major theory'é.existénce.

Closer to the earth's surface, the study of Atmospheric.Electricity,
wvhich had its beginnings in the earliest work on electricity, hés
increasingly felt the benefit of modern electronics. The.increased
sensitivity in measurement techniques and the develcpment of continuous
recording have begun to céunteract the difficulty of repfoducing
experimental conditions, which is one of the major problems oi any gpplied
discipline whose ultimate experiments-must be under geographical or
atmospheric conditions,

'These advances in experimental technique have enabled study in greater
detail and at greater depth fhan'before and this, as might be expected, .
nas resultéd in apparent disagreement in the experimental determination.
of variables fundamental to the further advance of the science.

4



The aim of.thié work is to déscribe the dévelopment of one such
problem in the field of Atﬁbspheric Electricity and.fo examine tﬁe
rostulates on wﬁich the matter rests. Specifically the problem is that
of the measurement of the electrical.conduction ;urrent to the earth}s

surface under conditions of fine weather and its relation to the other

major electrical variables of the atmosphere.



Tele Fine tieather Electrical Phehomena.

The effects of lightning flashes and thundérstorh% have been é source
of awve and wondering since the beginning of history. The religious
significance of lightning as the evidence for, or the retribution of,
the gods, has existed up to quite modern times and a more domestic
electrical phenomenon in the attractive forces of static electricity has
-been known almost as long as man's civilised existence. Indeed the study
of static electricity was attempted by Thales of Hiletus in the Stﬁ
century B.C. |

It is not surprising therefore that the idea of lightning. and thunder -
as a large-scale version of some of the effects of static electricity
and its coroilary, that electricity exists in the air, should have
existed for many years. WALL(1708) woul§ appear to be the eapiiest
investigator‘to recerd this suggestion as. a result of his observatiQns.
There were several subjective accounts of this comparison but; as has Qeen
mentioned, it required the development of the Leyden.jar ana early
electrical machines for the beginning of objective measurements of electric
dischérges. | | |

- The early workers attempted to prove the presence of'electricity in
thunderclouds and perhaps the most well-known of those éngaged in this
somewhat hazardous task was FRANKLIﬁ(ﬁ?EO, 1752) who fléw a kite with a
conducting étring ending on an insulating ribbon. Franklin was actually
forestalled by D'ALIEARD(1?§2) who obtained sparks to an earthed wire from
an insulated iron rod., LEHONNIER(1752), with apparatus similar to o
- D'Alibard's, first observed that electrical effects could be obtained

-6



even in fine weather which was guite unexpected. His apparatus, an early

prassive probe(q.v.) consisted of an iron spiked woodvn pole, from which

an iron wire was led into & building. This v1*e, without making any

other contacts, ended on a stretched silk fibra. He could obtain sparks

from thc electrified iron wire in fine wecather and ncted that particles

of dust were attracted to it. He suspectzd z variation in these fine

0

weather effects with the time of day. BNCCARIA confirmed this in 1775
and determined that his wire was positively charged in fine weather.
D& SAUSSURE(1779) was probably the first to discover en annual variation
in the size of fine weather electrical effectz. He developed 2 form of
electrometer and used it in a way that foreran all methods of measurin
potentizl gradlent dependert on bound charge. DE.ROMAS(17R?5,'usin5 a
kite, found fine weather effeccts at . a similar time to Lemonnief.

45 lzter wecrkers conulnucd their investigations into atmospheric

electrical effects, they established that the active region of the

[E]

atmosphere can at any one time be divided intec areas of charge generation,

mainly associated with the development of thunde

D

retornas, and areas cf

ct

charge dissipation, the fine weather aresas where the earth receives a
current of positive.charge. The current cycle is thus from the thunder-~
storm top to the electrosihere, from there to a fine weather area,-theq

to the earth where it is returned to the thunderstorm baée. The terﬁ,
electrosphere, allows refercence to the conducting area of the ionosphere
without reference to the ionosphere's own proverties. In the fine weather

area, it was established that the three most important variables were the

-
s -

e

potential gradient, the conductivity. and the conduction current and it

the inter-relation of these properties that is of concern.

7



1.2.1. Potential CGradient,

The definition of the potential difference between two points is that

it is the mechanical work per unit charge necessary to move a mall posi
charge from one point to another In atmospheric electricity, it is not

o Tind out about electrical conditions outside the electrosphere

i

possible

and thus there is no means of calculating the work done in bringing a charge

rom an infinite distance to earth. Therefore in place of the zero

[at]

1+

potential of theoretical electrostatics, the potential surface of the earth,

e

a conductor, is taiken as zero and all potentials are measured relative to

1.

t, This is permissible as all the formulae are concerned with differences
of notential. From conductivity measurements at various heights, the total

o ]
. » o . N
cclunnar resistance of a column of air of Im™ cross-~section from the earth

17

to the electrosphere has been found to be about 10 ‘ohms. This means that

-L

th lectrosphere is of a potential of about 3.6 x 105V with respect to the

@
_J

earth, (GISH, 1951), fo

by}

the resistance of the whole atmosphere is 200onms
The rate of change of potentizl with dis tance glves the force acting
on a charged body. The direction of the force is such as to move a

rositively charged body to a position of lower potential.

-— 1 .
= —%%, where %% is the Potentizl Gra d1ent The

potential gradient and elzctrical intensity are, in this work, largely

=1

Electric Intensity

[N
O
U]
[
.
H
i
D
[0]
5]
]
ot
=
]

vert surface is a conductor so that the Potentlal

gradient at its surface and close to it must be vertical. The change in

distance dx is therefore a change in height and is measured positively

upwards.
Under normal fine weather conditions, the potential V increases with -
.
height, so that %# ig positive and thus E negative. To avoid sign
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is used for potential gradient, F is then positive in

fine weather, Vertical currents in the atmosphers will be taken as

in the first few minutes despite the electrode effect.{g.v.) £t heights

avove approximately 100 metres, the potential zradient shows a progressive

h ]

decrease with height.(CHALHERS - 1957)

o2 Conductivity.
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Considerable work on the nature ¢ eric conductivity has shown
that ions, particles of molecular size or larger, carrying positive or

negative bhar constarntly disappear by combination with ions of the

ozposite sign, or are changed into ions of a greater size %y combination
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mechanism for thae producticn of ions. Three processes zave beern found

to contribute to this mechanism. Ionisation is caused vy 1. coszic

radiatiorn, 2. radiation from “he sun, and 3, radiation from the earth and -

1

the atmosrzhere. The last process is only important in the area close to

the earth. ' _ : -

The conductivity of the atmosphsre is produced by these lons moving

ant betwesn.

(4N
M
a1
[<H
ot
o
o
fod
H

in the electric field. OHi's Law is usually obejye

ot

tvio points is proportional to the potential difference, the ratio being

['5]

the conductivity or the xeciprocal of the resistance.
It is more convenient to use conductivities.as different ions can then

Q
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be thought of as conductors in parallel and the total conductivity can be
obtained by summing the separate conductivities of the various ions.

If the potential of the electrosphere with respect to the earth is V

1

. . . . 7 . . :
and the columnar resistance is R, then 7 =1 where i is the conduction

current density. If r i1s the resistance of the lowest metre of the

colunmn, the potential drop across this is F, the average potential

-gradient in the lowest metre, then F = ir-:V%u The specific conductivity
. TN 1 \ A o v < o C o .
of air = 7 therefore F = R and the specific conduct1v1t:,->\1 for

‘s . . i . . . - .
positive ions 1s>\1 = 51, where i, is the current density of positive ions.

1

Similarly, for negative ions)\2 = %2. The specific conductivity can also

be related to mobility and charge, so >\’l = n ew and >\2 =

1 ewzf where

n
2
40 D, are the numbers of positive and negative ions with mobilities LAY

W5 and charges +e, =e respectively.

n

These formulae can only be used for stéady conditions or for changes
which occur over periods which are iong compafed with the relaxation time
of the atmosphere. The relaxation time is z measure of the rate at whicﬁ
a conductor luses charge or the rate at'which the electrical conditions
in the cenductor adjust themselves after a change.

Large ions, and probably intermediate sized ioas, have small mobilities
acd their numbers are seldom greét eﬁough compared with the number of_small
ions for them to play any significaht part im conducti&ity.

The fine weather conductivity at many places shows a maximum in the
_early morning with a fall soon after suarise; this is probably accountea
for by the formation of mis; or .by the increased pollution of the air,

Pollution increases_the number of nuclei present and to maintain the
equilibrium of ionisation, any increase in the numbers of nuclei present

10



will lezd to an increass of large ions and a2 decrease in the number of
b .

small ions and thus a decreass in conductivity. The yearly variation

therefore shows a maximum conductivity in summer and a minimum in winter.

1e2.3. Conduction Current.

The air-earth conduction curreat i is related to the local potential

potential gradient F at the earth's surface is the most widely measurszd
electrical variable, However, the conduction current is also i =_%,
where V is the potential difference between the electrosphere and the earth
and R is the columnar resistance. It has become increasingly évident that
the value of i is far more fundamental than the value of ¥, although more
difficult to obtain. There are two main reasons for assuming this to be
590, Firstly, a5 both thz earth and the electrosphere-are géad conductors
and the currents within them are small, the potential difference between

them at any instance is almost exactly the same in all places and local

difference in the values of the conduction current must then represent

¢t
s

differences in the local columnar resistance. The air-earth conduction

current depends on the total columnar resistance and not directly on the

cr

local conductivity, thus loc*l changes of conductivity afiect the air-earth

current only to the extent to which they alter the total columnar resistance
lMeasurement of potential gradient depends on local variaticns of the
conductivity and is often of doubtful significance. Secondly, if there

are no horizontal currents, convaction currents or accumulations of charge,

11
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tihe air-earth current is the same at all levelé. This is-a result of fhe
guasistatic state.

Although a current is flowinz in the atmosphere and so the actual
charges do not remain static, in steady concitions, charges wkich have

teen noved Ifrom a certain re
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charge is the zame. This is known as the gquasistatic siate and it is
assumed that the lawsvof zlectrostatics can ztill be applied., If any
change in the steady condition occurs, conditions will revert to a new

steady quacsistatic state in accordance with the relaxation time,
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1.5, lHethods of Measuring Air-earth Current.

Tne techniques for measuring the air-earth current can be classified
in%o two categories; the direct method and the indirect method.

The direct method measures the actual charge reaching a.portion of the’
earth's surféce in a given time and should be a direct measure of the
actual air to earth current. The usual form of the apparatus is a large
coliecting surface insulated from-the ground. To this is attached an
instrument, such as an electrometer or a very sensitive galvanometer,
which is used to measures the charge collected in a given time.

Tne indirect method is to measure independently the loczl conductivity
and the local potential gradient and to take their product as the-air-earth
conduction current. The local conductivity has been measured Qith
variants of thg apﬁaratus used by EBERT(1901) for ion counting and
GERDIEN(1905) for conductivity. It is basically a hollow cylinder
containing a cdaxial rod. The rod is connected to some forﬁ ol measuring
apparatus and a potential difference is applied between the rod and the
cylinder. Air is drawn through the apparatus and the fraction of the
ions in the air collected by the apparatus will depend on the potential
gradient, the air-~flow and the apparaius dimensions.

.Tﬁe methods of measuring the poténtial gradient can.also be diviaed
into two types. The first type is to_meaSure the potential difference
betweer two points at different heights using @ potential equaliser.

These equalisers include water-droppefs (KELVIN - 1859 and SIMPSON - 1910),
fuses (VOLTA - 1800), ang radioactive sources (SCRASE - 1934, MURLEISEN -

- 1951, et al).
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The r“=corvd nethod involves measuvlr" the bound charge on a portion

the earth's surface or an earth connected body. - The surface density
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charge on a flat portion of the surface of the earth Q = -¢ T and
g X
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re will be an exposure factor for an earth connected body. This is
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2 principle berlnd the Universzl Port
and fisld machines such az the Agrinet
- 1953a), the Electrostatic Fluxmeter

(IARKWELL and VAN VOORHIS =1933, et al).
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been most widely used for this purpose. A fixed test plate i

to earth through a resistance and capacitance in parallel. A rotating

o
£

zrthed cover alternately exposes and shiclds the test plate from the
lines of force and the reSulting alternating curraat to earth-is émplified,
rectified and measured. Hany designs of ficld.mill.have usad élates
consisting of equal sectors of a circle with a similar set of earthed
sectors rotating above them giving an output of approximaﬁély triangulér
wavefornm,

The theory of the field mill has been discussed by MAPL=SON and

WHITLOCK(1955) and its sensitivity by DAHL(1951). The outpui of this

<t
=3
o

instrument is an alternating current proportional to the magrnitude of
rotential gradient, but giving no indication of iits zign. For many
rurposes therefore it is neces=zary to arrange a method of determinihg
this, The field mill has been developed to be a useful, reliable
instrument, but has the disadvantage for conduction current work that
it is essent%ally a point saﬁrce.measurement.

Interest in anteunae for the measurement of potential gradient was
rrn

revived by CROZIER(1953) with a passive antenna whose sensing unit had
J X S
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sufficiently low conductance and capécitance to render the use of
equalisers, the water-droppers, fusés and radioactive'éollectors previously
mentioned, unnecessary. The low loading required is.achieved by the use
of feedback techniques and high quality insulation,

Instruments designed on these lines have been used to measure the
fine weather conduction current at several sites and in various
circumstances. Unfortunately the results obtained ﬂy the indirect and
direct methods do not appear to‘reach a common conclusion and theré has
been some discussion as to whether these different methods do in fact
neasure the same things.,

It is necessary therefore to study critically tae experimgnta; technique
and the theory on which they are based, ard further in atmospheric

electrical work, the meteorological and geographical conditions under

which they were applied.
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1elte The Problem.

It is.poséible for the transfer of charge in .2 vertical direction to
be achieved not only by conduction currents, but by convection currents
in which vertical motion of ;ir containing more ions of one sign than
the other may occur. Diffusion of ions may also contribute to this
charge transfer, The direct method, as it measures the actual.air-earth
current arriving at a portion of the earth's surface, will measure fhe
sunmation of these currents. The indirect methdd,measuring only local
conductivity and potential gradient, will give only the conduction
current,

The local conductivity that must be used in the indirect ﬁeﬁhod is
the sum of the co;ductivities of both.>\1 +)\2 because at a height of one
metre both signs play a nearly equal part. Close to the earth's.surface,
in a normal fiﬁe weather field, the current can only be carried by
positive ions, so while at one netre, it is i = F()ﬂ ; XZ), close to

ground level, it rmust be i = F,X

« leasurements have shown that F does
g }

. g
not vary near the earth's surface and that F and Fg are very sinmilar
which was contrary to the predictions of the simple elecérode effect,

Eariy measurements of the air-earth current by the two methods
appeared to indicate that the indire;t nethod gave a value twice as large
as the direct method, as would be expected if the conductivities of
either sign were of equal magnitude and héight and il convection curfents
such as postulated by WHIPPLE(1i932) cccurred.

However, the NOLANS(1937) and NOLAN(1940) made simultaneous

neasurements of the air-earth current by bothh methods and found the

16



conductivity measured indirectly exceeded that'm;asufed directly by
only 10 per cent. With F constant with height, this in&icéted that
>H + >b was egqual to kﬂg and thus )ﬁ must vary with height, a result
found by HOGG(1939).

KRAAKEVIK and CLARK(1958) measured the potential gradient and the

s

conductivity from aircraft and found . differences in conductivity of

20 per cent in the austausch region; that region of the atmosphere where

continued mixing of air occurs. It is

'g

os3ible therefore that the
10 per cent difference found by the Nolsns is not a local deviation,

cance. LAYW(1963) implied the existence of a

but has a real signif
cenvection current comparable with the conduction current, from his
esults at Cambridge.

Of these results, those of Hogg are probabiy the most significant

t

because nis site most nearly approached that acceptable to theory, but

it is necessary to resolve ithese differences and to establish the real

L I

role, if any, of convsction currents. It will be useful first to

examine the requirements of an ideal site and then procesd from there

‘o

to examine the published work in the light of their apwproach to the

tlieoretical ideal.
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atmospheric conditions andéd the experimentar nas not only little control
measurenants during the second world wer, was in the position of exanmining
12 behaviour of his system by effectively studying one 'electrode' znd

its immediate surroundinzgs. The model sdepted for the systen is one of

of compensation. I% will be ueeiul to consider these deviations in terns

of an actual experimental site, that ¢ the Ubservatcry site of Durhanm

i

University which is situcted 1im. West of Durhanm City, 0.75km, ilorth of

the Leboratories and 120 netres abovs sea level.
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2.1, Compensation,

In the equivalent circuit of the atmosphere sketched on p.7Z., the
earth is acting as a conductor, transferring by ground currents the
charge brought to it in the fine weather areas to those areas of
thunderstorm conditions. Lines of force can be pictured arfiving on the
eartn's surface in a direction at right angles to the lbcallplane of that
surface. Thus lines of equipotential will lie parallel to the earth's
surface. Should the surface not .be plane, but have on it such earthed
éonductors 2s nouses or trees, this will disturb the density of the lines
of force and alter the levels of equipotential. Any measurement of the
potential gradient within the area of disturbance will not be absolute
and a reduction factor must be defined before comparison can be made with
absolute values over level ground, If the plane of the ground is not
horizontal, then a collector of appreciable area or length must still be
parallel to this plane; if it is to cause minimal disturbaﬂce to its
surroundings., .

An example of thig can be seen (Plate 1. and Fig.'1.) at the
Yoservatory site where thie slope of the available site was 1 in”12. An
incidenfal effect of this is:that any frame for a plate type collector
nust be designed to minimise stressing on any insulating maéerial that
may show piezo-electric efiects., In Plate 1., it can be seen that the
nearness of hedge and tree to the experimental area will constitute
disturbances tc the lines of equipotential that may not be negligible.

In general, any measuring apparatus standing above the plane of its

surroundings will require either the calculation of a reduction factor or
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compensation for the disfurbance'it creates. BERWDORF(1908) considered
the matter theoretically and found that a vertical conducting post 1cnm.
high has less than 1 per cént gffect on tho potential measured 1m. from
the ground 3m. away. This sives the ér@er of separation reguired between
such apparatus if.compensation is neglecfed.' ARNOLD et 21(1965) have
_side;ed the reduction effects'of nearby trees both theoretically and
practically. In practice, it is simpler to compensate for the reduction
factor produced by apparatus, because of the complex. shape of theeéuipment.
This is done by measuring the potential gradient near toc the conductivity
or current measuring device, and aprlying a potential derived from that
measurement to the device, thus maintaining it as close as possible to the

L

potentizl of its surroundings. When measuring the fine weathér current by
the direct method there is a further compenzation required, for a change of
votential gradient during the time of exposure of the collecting surface

produces an effect known as the displacement current.

The change in potential gradient produces a change in the bound charge

w2

on the collector. - For a unit area of the collector, the surface charge

: . o s o . F 1 d9 4aq .
Q = -EbF.' A change of potential gradient with time T% = -EZ 3t v is

effectively a current sometimes greater than the conduction current and it

stinguishable from the true conduction current.’

-
T =12 2
If the true conduction current is of the order of 2 x 10 A/m~, an

M-
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alteration in potential gradient of 300 V/m in an hour will then give a
; 4y 1012, 2.
displacement current of 0.74 » 10 A/m .
Unless compensation is made for this displacement current, instantareous
neasurement is not likely to give an accurate answer for the conduction

.current and long exposure times must be used to average this effect.
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If the earth's surface is ceonsidsred to e one electrode in the system
the experiments will ke carried out in a volums of air bounded at one
icn., Positive

ionz can enter this wvolune from tihe ceriral 1e

s0 and tie volume under consideration becomez depleted in negative ions
and nmust acquire a positive space charge., This space charge will incresase
ne potential gradie near tne clectrcde and decrease it nezr the centre

until the same current flows through all cross-szctions. The potential

=

ution will, however, no longer be uniform.

o8

gradient and the ionic distri

This is known as the Electrode Effect and in a simple form would show

itself in a space charge near the earth and a potential sgradient at a
agisht of a few metres, which is appreciably less than that close to the

Hovever, it is found that, in very many observations, there is only a
sriall difference in the potential zradient at the height of one metre gnd
that close to the ground, and so the electrode effect is not found in a
simple form. It has heen reported to exist for the conditions of the
Greenland ice cap (PLUVINAGE and STAEL - 1933, RUHNKE - 1962) &ané in the
entre of large lakes (MUHLEISEK - 1951), and vefy still night air.(CROZIER

- 1953a, 1965). An account for these results is obviously pertinent to the

e
3
Q.
[t]
o
n
ot
i)
=
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[
[=1

g of tha conditions of con auct1v1t3 and potential gradient and
hence to the imrortance to anomalous results for the fine weather conduction
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current by the direct ané indirecf methods. Attempts have Been made to
provide explanations, although these have been h;mperéd by lack of.a
comprehensive theory. Theories with different assumptions with regard to
recombination have been advanced by VON SCHWELDER(1908), BEHACKER(1910),
SCHOLTZ(1931) and more recently, CHALMERS(1966). These have shown that a
decrease of some 30 per cent between the earth's surface and 1m. above it
should have been eipected. |

WHIPPLE(1932) suggested that as the air near the earth's surfacé:is not
still, a process of eddy diffusion pould.carry rositive chargg upwardé and
that this would avoid the discrepancy between the simple electrode effect
theory and experimental results.

CHALMERS(1946) showed that a qﬁasistatic state with little alteration
of potential gradient with height could be aéhieved with a suitable form
of variation of the rate df ionization with height and suggested that this
variation-could be caused by radioactive materiald in the top soil. This
would be supported by the tendency for the electrode effect.to be found iﬁh
areas such as ice caps and the effect of radiogctivity at the surface would
5e reduced, |

LAW(1963) introduced convection currents as a reason for the absenée

of the electrode effect.
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Another major consideratiorn in the assessment of an expérinental site
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i5 the degree of pollution to which it is zub

and household effluents, aprreciable pollution con be caused by road
vehicle and railway locomotive exhausts. By the term pollution is neant
he alteration of the existing balance of ion production arnd removal by
the influx of ions from an external generator.

2 positive space charge was noticed by KELVIN(1860) and again by ISRALL

(]

ated in more detail b

rositive space charzes to be a2lso produced by

nt and gasworks. YHITLOCK and CHALMERS(1955) found that these space
crarzes could be identified wher=s the exhausts were some way away and no
lornzer visible. BRASEFIELD(1959) found effects from the exhaust of road
traffic, CHALMERS(19352) found negative mpotential zradiernts on the lee

side of high tension cablzs under conditions of mist and fog. BENT and

UHLEISEN(1953) observed in fine.weather positive space charzes from
cakles whose diameters were too =mzll to be suitable for the veltage
carried. Thus local conditions will play a large part in the amount of
space charge present at the measuring site and ranid fluctuatioans of
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potential gradient due to this have often been found in fine weather
condificns, particularly in or near larze towns.

As the indirect method of measuring the air-earth current measures
local cqnductivity and local potential gradient, it is important to
assess the degree of pollutioﬁ at an experimental site before comparing
the resuvlts with those obtained at a differing site.

The Durham Observatory site has become less tenable és a site, as
poliution from road traffic on a major trunk road and its exit rbad in
Durham has increased. These roads pass within Zkm. to windward of the
site. A main railway line is only 2km. from the site also in the
direction of the prevailing wind and high tgnsion electricity pylons pass

the site on all sides at distances of 1 to 6km. (see Fig.1b.)
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2.4, Site D2cign Features.

There are other more minor points that the nature of the exnerimental
site may impose upon the design of the apparatus. As the resolution of
the problem would involve measurement of the air-earth current by indirect

3 N

and direct methods at different hoi:hits close to the earth's suriace, a

(Y

orm of consistent base level is required.

It is a great advantage to have an artificially ﬁrepared nart of the
'earth's' surface, even if it does net contain bereath it an underground
recording room such as tne one at Kew.(HOGG - 19329). It may be that time

and expense are against this and it is true thzt it woulé no longer be a

'natural' surface in terms of rsdioactive content or even thnermal

(6]
[

radiation, should the local effect of convection be considered. As the

3

indirect method is essentizslly 2 method of measurement at a point the
size of the prepared area may not be large. With the direct method the

exposed plate may be of the order of 1n. across and thus a suitable

®

xperimental site may be approximately 10m. sguare, especiaily if cdmparison
is to be made between the two methods‘on the sane site. A 'natural' grass
surface regularly cut by a mover with blades of a fixed height may be the
only practical form. In this case, the environment is preserved; but the
accuracy of positioning is reduced .

In any investigation in atmospheric electricity, extreme care must be
taken with the insulation. For fine weather meqsurement, the arrangements
required to protect the insulators from the rain and to keep then free from
condensation by warming with heating coils are less stringent as the apparatus

will not be running under wet conditions. However, the valuss of the
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rarameters measured are generally smaller so the measuring instruments
have to be more sensitive., If the measurement involves the collection

of a charge, there is a2 leakage which takes place with a2 time constant
C.R., where C is the capacity of the collector and R, the leakage
resistance to earth. The coliection of the charge is usually expressed
as a voltage V = @/C, so C must be reduced for high sensitivity and R
must be increased as much as possible. In this not only the leakage

at the insulators must be considered, but also the lezkage and the.
capacitance of the cables connecting the measuring apparatus to the
recording devices. Besides piezo-electric strain on the insulators and
cable, difficulties are experienced with condensation, dust driven up on
to low insulators by rain splashes and spiders' webs, so a careful choice
of insulating and cleaning procedures must be adopted. There are also
hazards specific to the site which have nuisance value. For instance,
a2t Durham Observatory site, the soil is boulder clay with a very high
water table and unless underground pits were regularly driea and aired,
water tended. to seep through the walls into the spaces houéing apparatus
as the initial water-proofing of the concrete was not adequate. In this
case the slope of the site wus an advantage as it s;mplified the
construction of drainage sumps.

The.other pereannial problems with outdocr equipment are éarth
connections énd contact potentials. Different eartn cbnnections may be
at different potentials because of earth currents er electrolytic effects
and induced currents must be avoided., Contact potentials between
different metals or the same metals with differing surface conditions

caused by oxidation may bhe of the order of volts which will give effects
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comparable with the natural fine weather potential éradients.

It is in the light of these considerations, fundaméntal and practical,
that these experimental results must be interpreted. The next chapter
will deal in detail with the experimental techniques that hzve been used

in both the direct andé indirect methods of measuring air-earth current.
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CHAPTER 3 PREVIOUS WORK

3e70 Previous Experiments using Direct Heasurement Hethods..

Historically, the first attempt at direct-measurement of the air
-earth current was made by EBERT(1902); However,-as his plate was neither
maintained in fhe plane of the earth nor at earth potential, his results
cannot be accurate.

WILSON(1906) had his test plate connected to a'gold.leaf‘electrometer.
- Surrounding the test plate was a guard ring connected to the systeﬁ.'
through a compensating condenser. The electrometer was brought to the
zero positiorn with aﬁ earthed cover placed over the test plate. The
cover was remnoved and the compensator adjusted to keep the electrometer
in its zero position. After a given time interval, the cover was replaced
and the compensator again adjusted to give zerO'deflectidn of the
electrometer. The difference in compensator positions. gave a measure of
the charge on the plate when it wés exposed. If the compensatingbcondenser
was not used, removal of the cover would have brought the pléte to a
potential other than that of earth.

In his later capillary electrometer, WILSON(1616) automatically
acd justed the potential of the .plate to that of the earth. - Wilson made-
measurements at.60, 90 and 130cms. from the ground but made no attempt to
determine any relationship between the values at these heighés. As the
test plate hés to be covered and uncovered and the readings have to be
taken visually, these methods are not readily adapted to continuous
recording of the air-earth current. However; the covering of the test
plate in this manner.means that no compenéation for the effect of potential
gradient changes is needed as there is no bound charge at the beginning

and the end of the observation.
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If Wilson's method is used without the compensating coﬁdenser,
‘removal of the cover would bring the platé to a potential conéiderably
different from that of earth. SMITH(1956)-found that there appeared to
be no current at all if this was done and a measuring instrument of
small capacity was used. WYhen the cbver is removed, the plate acqﬁires
a2 charge —AEbF on its upper side. The corresponding charge +Ae5F must
reside on the lower surface of the plate as the capacity.of the
electroscope is small. Assuming the conductivity of the air is the.éame
either side of the plate, the charges will dissipate with the same
relaxation times and there will bs zero net current.

A recent unodification of Wilson's apparatus was used by COBB and
PHILLIPS(1962). They used 6 symmetrically disposed circular plates
mounted on a rotating table. 4 circular sector was fixeé over the table.
Cn entering the shielded area, the net charge oﬁ the plate was due to
conduction a2lone. A brush contact carried away this charge to a filter:
which alleviated interference from the brush pick-up. This network had
a RC product of 240 seconds which determined the fime constant of the
measuring system. After correction for the current from the lower plate
surface dﬁe to the capacitance of that surféce and conduétivity close io
it, it was shown that the rotating platé collected about 76 per cent of
the air-earth current but the variations from this figure resulted in the
‘absolute value of the air~earth current not being established closer than
an error of 10 per cent. |

SIHPSOK(1910) designed a 17m° collector for a hill site in Ifidia.
Because of its size and construction the height could not be altered, so
it was built in the plane of the eartp and attached to it was a water~w
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dropper which lkept the collecting.area at the earth's potential. The
drops breaking away from the dropping vessel, carry aﬁay a charge
proportional to the charge on the collecting surface. The dropns were
dollectgd in an insulated‘colleﬁtor atfached to an electrometer. ?he
electrometer deflection was registeréd every 2 minutes and thus thé
air-earth current could be continuously recorded. The potential gradient -
vas measured on a second electrometer and theoretical cofrections for the
displacement current made. This form of correction was suitable fo¥'
Simpson as he was interested in the daily variations in the‘air-earth
current rather than instantaneous relationships.

CHALHMERS and LITTLE(19%7) used an exposed -plate connected to a ZuF
capacitor and through this,to earth. The capacitor was dischafged every
10 minutes through a ballistic ga;vanometer and recorded photographically. ,
The capacitor decreased the leak and also prevented the collector pléte
from varying much from the potential of the earth. Individugl reédings
are not very valuable because noc correction was made for fiuctuations of
potential gradient. This error was reduced by averaging over long periods.
CHALMERS(1956) used a similar method with a valve electrometer. 1In this
werk compensation was provided by simultane&us measuremenfs of the
potential gradient as in Simpson's methgd.

SCRAS#(1933) attempted éo overcome disvlacement current difficulties
and to record continuously, by connecting one pair of éuadrants of a
gquadrant-electrometer through a capécitor to a £édio-active equaliser,
which recorded the potential éradient, and the other pzir of quadrants to:
the current collector.

So, whereas the normal use of the quadrant electrometer requires one
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pair of gquadrants connected to fhé current source and thé other pair
earthed, here neither pair of quadrants wexe earthed.(Fig. 2.)

Wihen both pairs of guadrants were earthed and then released, one set
received the charge from the collectof, that is the sum of the conduction
and displacement currents. Siﬁultaﬁeously the radio~active equaliser
was affected by any change in potential gradient. These changes affect_
the second set of quadrants through the condenser. Adjﬁstment of the
condenser allowed tnese changes in potential gradient to affect bo£ﬁ
sets of plates equally and thus to have no effect upon the.electrometer
reading. |

The material used in the radio-active equaliser was polonium and this
was too slow to respond to many field changes. Scrase Pherefbre
introduced a wire mesh connected to the equaliser and placed ovef the
collector at a height such that the poterntial gradient over the plate waé
always that recorded by the equaliser but any rapid fluctuations of the
potential were smoothed oﬁt. The quadrants were earthed for 1 minute at
10 minute intervals, giving a trace rising from zero over a period of
9 minutes, the mean slope of eac¢h line of which is a measure of the air-
-earth current for that period.’

Little distortion of the lines of force occurred as the capacity of_.
the collecting systém vwas large enough for the'potential'never to be
greatly different from that of earth. |

Because of the sluggishness 6f the COllectéf the potential gradient
over the plate was sometimes siightly different from that which would
have occurred in the absence of the wire net and under these

circunstances the current measured is not quite the natural current to



an area of the earth but is realiy a measuré of the upipdlar conductivity
of the air bvetween the wire net and tbe plate.

The apparatus had the advantage that the collector can be placed some
distance from the electrometers and it really only failed because of the
slow response of the polonium equaliser. If this was replaced by a field
measuring device with a more rapid response, greater success should be
achieved by this method. Sugzgestions were made to this effect by . GOTO

(1951) and CHALMERS(1953%. Chalmers, using an agrimeter, found that the
oﬁtput from.this instrument was not steady enough to provide the solution.
ADAKNSOK and CHALMERS(1956) -suggested a field mill. ADAMSON{1250)
developed Scrase's apparatus using a field mill and a differential ampli-
fier in which the sum of the air-earth and displacement currents was
rneasured at oreterminal of the amplifier and the field mill provided
automatic and continuous compensation for the displacement current at thé
other terminal.

By increasing the time constant of a system similar to £hat of Bcrase;.
MUHLEISEN(1953) avoided Scrase's difficulties. But the increased time
constant meant a greater averaging effect on short fluctuations of the
variables measured. KASEMIR(1951) produced for expeditibn work and
mountain stations, apparatus designed to measure long term variations and
had in consequence a long time constant of an hour. The current was
amplified through an electrometer valve and recorded on a- $ix thanrnegl
recorder. The potgntial gradient was simultanébusly recorded using a
radio-active equaliser, The-critical point in operation is the mainten
-ance of the high insulation. The long time constant was used to evern

out the effect of potential gradient change.
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In his second method, KASEHIR(1955) attempted to eliminate the effect
of potential gradien:t changes (Fig. 3.). He considered the air-earth

current being collected by a plate exposed to the air. The current flowed

through a2 calibrated resistance to earth and the voltage drop across the

resistance was measured. The total current from the collector was

. s € di . - - ; . .
Al + ATo 7 where A was the surface area of the collector; i, the air

dt
X 4% ,
=earth current density and AGBi/)n, the surface density of the bound

charge. If the collector was connected to earth through R and C in
parallel and V was the potential of the collector with respect to earth,

then the current I through R was %; there was a charge Q on the capacitor
C such that Q = CV and, if V altered, there was a current %% = C%%
through C. The total current from the collector was theﬁ I+ %% =

I+ CR%%. Since no charge accumulated on the collector apart from the

fb %% =TI + CR%% . If R and C were chosen so that
1 a ’

RC = €;/X1,then I was ‘equal to Ai and the current through R.would be

bound charze then Ai + A

equal to the air-garth current to the collector without thg need for
correction for the displacement current. This amounts to matching the
time constant of the collector circuit tc the relaxafion_time of the
lower atmospherz., In practice>\4 is not constant and so RC would need
continual adjustment for complete matching. |

ISRAEL(1955) discusses the assumpticn of the method that any change
in potential gradient is accompanied by a changg in air-earth current.the
conductivity remaining constant. A.change of cqnductivity giving a change

in potential gradient would appear as an air-parth current.
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RUHNKE(1961) also discusseg the efrors of incorrect matching.

CHALMERS(1962) used a modification of Wilson's mefhod with chargs
measured by an electronic amplifier. His results showed that the
assumption of constant conductivity reéuired by Kasemir's maﬁching circuit
was not correct. He measured separaéely the chafges-from the plate on
uncovering, during collection and on covering and in this form his
arparatus was not continuously recording. GCTO(1957) adépted Qilson's
nmethod to record continuously by having three plates rotating benea£ﬁ a
hole in an earthed cover. Each plate was earthed when shielded from the
field, exposed arnd then shielded agzin. The net charge acquired by the
electrometer is that from the air-earth current. When the plate leaves
the shielded regicn it acquires a potential different from th&t of the
earth and therefore distorts the lines of force and the current flow.
Wilson avoided this by use of a variable'éompensating ctandenser, bu£ to
compensate automatically Goto used a fixed condenser with a‘variaSIe
potential suitably derived from a water-dropper or an inverted field
machine.

If Goto's apparatus was similar in operation fo an agrimeter, VON
KILINSKI's(1952, 1953) method used the principle of the field mill to
avoid direct current amplification. The current from the co}lecting
plate puts a_potential on a stationary vane. A similar stationary'vane
opposite has a fixed potential applied to it, though this vane could be
used to compensate for displacement current if éhe output of a field
machine was connected through'a condenser to it in place of the fixed

potential.

Below the two stationary vanes are rotating sectors alternately
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exposing and shielding a second piate from the potentials on the statiohary
vanes. ' The alternating signél from the sécond plate is dmplified and
rectified. In the later paper he provided a matching circuit in place of
the capacitor used to minimise displacément current effects and had the
collector plate slowly rotating to break spiders' webs. To avoid the
oroblem of the electrode effect and-to investigate more fully the presence
of convection currents, DOLEZALEX(1950) and ISRAEL and DCLEZALEK(1960)
suggested a direct method of measurement using a surface 2 or 3metréé
above the ground and maintained at the natural potential of'the atmosphere
rather than using a ground_referencé. They guggested a metal net which
would not interfere with the natural motion of the atmosphere. CHALMERS
(1962) showed that, although this method would be of use in ﬁeésuring the
convection current, it would not directly measure the coﬁduction current
as outside the region of the electrode effect the downward part of the
conduction current consisting of positive icns would be nearly eqﬁal to
the upward part carried by the negatives and the total currént to the net
would be nearly zero. |

KASEMIR and RUHNKE(1958) suggestéd .measurement of the air-earth
conduction current by an earthed wire at a height of 1m.;'causing a
concentration Sf current flow lines which would enhance the conduction
current relative to any convection current present.' The potential gradient
is measured Sy another wire at 1m. high also equipped with a radio-active
equaliser. -

If the potential of the wire is V and its capacitanée/ﬁnit length is
C, then the charge/unit length is Q such that V 3 % = 0. Q will not be
evénly distributed but there will be no positive charges as they involve
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‘a difference of potential along the wire.
If there is a charge 43/unit area, then thé potential gradient at the
surface of the wire =-dQA5°._ ff the conductivity due to ions opposite
in sign to the charge Q is)x, the current to the unit area is di = -XdQA;o;
When integrated for the whole wire, 1 = aXQAéo'= )CVAEO as V is the
potential at 1m., V gives the potential gradient Fav' over the first me@re
and i measures a multiple of Fav‘ which is only the unipola; conduction
current at 1m. if the potential gradient remains constant over the first
metre. Convection current effects are not included and so the method is
more of the igdirect type thaﬁ the direct type. X.can be found from the
measurement of Fav' and XF;V.
KASEMIR(1950) adapted this method for balloon radiospndé work as only
npotential gradient and conductivity measurements had been carried out in
the upper air (cf. 3.2.) and it is necessary to measure all three variables,
i, X, and V, to check the degree to which Ohm's Law is obeyed. Below the
radiosonde balloon, he suspended an a nylon cord an antenna.which vas
connected via a three-channel matching circuit to an electrometer. - The
second channel of the matching circuit was connected to a lower antenna
keld in place relative to the balloon by.an inverted parachute. 'The third
channel was used for zerc. The upper antenna collected positive charge,
the lqwer negative charge, but the system suffered from the-fact that it
was measuring‘XF and not the total vertical current and from the difficulty
of matching at different levels in the atmosphere, especially in the
region of austausch (cf. 3.2.).

In his paper commenting on the methods of Israel and Dolezalek and of .

Kasemir and Ruhnke, CHALNERS(1962) suggests a further modification of
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Wilson's method which will bhe considerad in section 3.3.
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3e2.- Previous Experiments using the Indil t Measurément Methods

The method and the techniques available have been described briefly

D)

in section 1.3. There have been three main variants of the conductivity

measuring device - those of GEWDIEN(1905), SCHERING(1906) and WOLAN and
NOLAN(1937). The general itheory for a cylindrical condenser instrument
of this type (Fig.%4.) with a tube radius of a-and a central wire radius

of b when a potetnial V is applied and air drawn through at a velocity U

.
U
o9
2]
o
(=2
2
5
.

At a point r from the axis of the central wire the potential gradient

. An ion of mobility w at the outer wall will move a radiel

dr rln(a/b)

igtance dr in a time dt, where 4t >

and 1nterrau_ns over

(a“-b ) 1n(a/b)
2 wv o

this time the air will have moved a distance Ut along the cylinder. If

the distance from the outer to inner cylinder t During

this distance is less than L, the length of the inner wire, then the whole

. . . . . . s L SO "
of the moving ions will be collected, i.e. U'(\;. If U is mach larger

than %, then only a fraction of the ions will reach the inner cylinder,

In a similar manner, if the central wire is a distance S from the
extry peint of the apparatus then only when U:>*% will the ions reach
the wire and Ohm's Law hceld,

The number of ions under this condition which will then feach the
central wire in unit time will be that number in radius R Qhere
U(Ra-balln(é/b) = 2wVL., If there are n, ions per unit volume of mobility

N
Wy, then the current at the central cylirnder i= %%25;%%5 = %ﬁ?%ﬁgT
from which X1 can be found as can XZ’ if the potential is reversed.

Gerdien's original method was to charge the central electrode to a
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systen & null method and removing the effzct of stray capacities

a methoé of finding the conductivity as £, = €/, areC, = € /
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that Onhm's Law does hold tecause of induced charges >
votential varies. Theze he avoided by putiting tae wire in a lar
earthed cage., If this is done then care must e taken noi to en

the conductor totally and give conditions of saturation rather t

of the Ebert and Gerdien methods. They used two large identical

cylinders, oune of which collected all the ions of mobility above
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ain value giving n1e. To the other, smaller potentials were

in succession and the slope of the resulting current vs_potehtia
. \‘. . . - . . . -
gave sy = n,ev,. By division, W, was obtained which is a more r

value than that obtained by other methods. The value of n,e vas

. . . .\
obtained from a standard Ebert ion counter and Y recalculated m

han Ohm'

a
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lModern practice is typified by the apparatus of HIGAZI and CHALHERS
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(1966) which consisted of Gerdien tubes with constant applied potentials,
the current being measured by vibrating reed electfométers. The tubes
are maintained af the potential of their surroundings by a"éervopotentiomete?
driven by the amplified and rectified output of a field mill.(Fig.4.). The
design of conductivity meters, like the design Af field mills, can then
be considered to have reached a reasonably satisfactory state in that
stgndardised instruments can be produced and used in a way which will
enable the experimenter to distinguish the variations of the system.which
ne is mea;uring from the efifects of the system cn his avpparatus.
. As the effect of space charge, the unbalanced chérge present in a
volume of air, appears to be important to the consideration of direct and
indirect nethods of air—eafth current it will not be out of éléce to
consider briefly here the main methods of space charge measurement. They
can be considered under four headings.
1. Space charge is drawn into an earthed cage and'the potential at
a point in the cage is measured. .‘
2., The whole space charge in a volume of air is collected and measured,
3. Poisson's Law is used to deduce space charge from changes in
potential gradient with height.
L, Collection by electrostatic means} ion counters to which fields
of either sign are applied alternately or simultaneously.
A full description of these methods was given by VOHEKEGUT and MOCRE(1958)
who developed apparatus of type 1. and suggested the use of apparatus of
type 2. with glass wool filters to collect the toﬁal srace charge, BENT
(1964) constructed such an instrument. In order to avoid the effects of
induced charges and the disturbance of the existing electrical state it
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¢ to maintain the cover of a filtration apparatus at the

votential of its surroundingz, zlthough it is obviously und2sirzbvle to use
an icn.or Qropletéproducing equaliser for this purpose, . Perhzps the
paszive probe of CROZIER(1953b) with arn antenna form other tlan that of.
ths long wire might be of use here.

Heasurement of space charge is a sensitive way of measuring a changg
in motential gradient as for instance it is not possible at the moment

measure the space charge present at tnis change.

Conductivity measuring apparatus has been adanted for use in balloons
J P

(CORINWITI ot 21 1254 and others) and in aircraft (GISH arnd WAIT 1950,
KRAAKEVIK and CLARK 1958 and others) as has potential gradient measuring
arparatus. There zre difficultiez in the uze of such apparaius as the
aircraft distcorts the field and is very liable to become charged itself.
It iz important, however, to attempt these measuremerts as they give

insight into the system away from the vicinity of the negative zlectrode

-~

and also outside the "austausch? region - & regicn of continual mixing of

¥

the zir extendiar from the éarth's surface to a height which is determined
[=] o

ty the meteorological conditions particularly temperature.

Trkis region, which may te un to 3km, high is where small-scale

\
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I
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its constituent ions

§.2a

ce ai
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H
m

convection currents occur mixing the sur nd
thorougkly through the region, The.height of this region is governed by
the level of temperature inversion and SAGALYN and FAUCHZR (1354) found
a very distinct increase in positive conductivity as well as changes in
temperature, humidity and large ion content in passing through the upper

limit of this region. .
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HIGAZI and CHALMERS(1965) found evidence of the effect of turbulence
and wind speed on the ratios §f the concductivities at-und close to ground
level, so it is apparent that turbulent mixing must be considered another
'boundary' effect to add to the electrode effect when the conducticn current
is measured close to the earth's surface.

The importance of convection currents cazn be assessed if the conduction
current is measured by the indirect method at different levels. If there
is no convection current, then the conduction current will be the same
at all levels.

Heasurement of the indirect method involves meaéuring the votential
gradient as well as the conductivity and becau§e of the self charge
possessed by the balloon or aircraft, a single field.mill cannot be used
as the charge on a portion of a conductor will depend on the external
potential gradient and on the potential difference between the conductor
and its surroundings.

If two field machines are used at places on the conductor symmetricall

with respect to a horizontal plane, then the sum of the charges and hence

W

the sum of the outputs of the machines will be proportional to the

potential difference between the cases and their surroundings and the

difference of outputs Qill be proportional to the actual potential gradient.
GUNN et al(1946), GUNN(1948) and GISH and WAIT(1950) used o separate

field machines above and below the wings. Others, JOIES et a2l(1959),

CURRIE and KREIELSHEIMER(1960), KOBAYASHland KYOZUKA(1962) have used

double field machines of various types. By using more field machines still

it is possible not only to find the self charge, but also the horizontal

components of the potential gradient.
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With balloons and gliders, where the speed of movement is less than
for aircraft, the self charge has sometimes been neutralised by waters
droppers - e.g. LINEE(190%4), LECOLAZET(19%8).

With a double field mill, the potential.gradient can ve separated,
but the apparatus will still distort lines of force and, where other
apparatus is close, this may be important. SHIDDY and CHALHERS(1933)
minimised the distortion by designing a servo-mechaﬁism to reduce the
sum of the outputs to zero and thus vring the machine to the potential
of its surroundings.

WILDMAN(1962) devised a field mill suitable for use when the
conduction current is no longer small compared with the induction signal.

His machine had a rotor with two concentric rings of holes covering and

uncovering two sets of insulated studs giving two separat

[{]

signals with
different dependence on potential gradient and conducticn current, allowing

these two effects to be distinguished.
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2ol Discussion c¢f Further Exvnerimental Desiresns.
CHALMERS (1942) chowed that the attempis of Israel and Dolezalek and
of Kasemir and Ruhnle to avoid tne elscirods effect and to mezsure

directly the conduction current ait another level other than that of
round were not truly msasuring conduction current, Chalmars su

o

based on Wilson's zpparatus. VIL3CK(1203) measured

earth's surface and held at the potential of the surroundinzs, which

would then recelve diffefent components of the conduction current, The
urper plate would receive the positive component of the conduction and

the lowsr plate the nezative componernt, By measuring each ssparately,

the total current could bLe cbtained,

maintaining the systsm at the wpotential of the surroundings siould te 2

more modern version of the arparatus of SCRASE(1933) with a2 faster
response time, so that the system cculd record simultareousiy, and

compensation for the displacement current should be based on bdalancing

=

the change in the bound charge on the collector surface by the use of
capacitors, Obviously for this compensation to be effective, the response.
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time must also be very short.

An unsuccessful .attempt was made to put these suggesticns of Chalmers
in practice and the description of this atfempt will be a convenient
framework for discussion of further experimental points.

The current collector coﬂsisted of two circular plates of aluminium
separated by an insulating sheet of perspex approximately 6mm. thick
bolted together by anylon nuts and bolts set in perspex insulating collars.
The 'sandwich' was mounted on four wooden posts by means of pefspe#
insulators. The posts dropped into brass tubes completely sﬁnk in the
ground and held rélative to one another b& a metal X~piece also below
ground. The height of the plate could be altered bty adding or removing
wood blocks of appropriate size into the brass tubves.

The collector is an unshielded collector and therefore the edge
effects are minimised by having a circular shape which has the least.
circumference for a given area. The size of the collector must bé a
compromise between obtaining the largest possible signal from the plate
and the ease with which the piate can be moved from one height to another,
An area of 1 square metre was chosen. This simplifies the current density
calculations and means the measuring instrument'attached.to the plate ﬁust
be capable of measuring 2 x 10_12amps. The other factors influencing
size are the degreec of rigidity required and the number of supports allowed.

To minimise piezo-electric effects in the insulating layer and also
to ensure that the plate is truly in the plane gf the earth's surface, the
plate must be. as rigid as possible., To minimise. distortion to the lines
of force, the number of supports must be the minimum permissible.

VWlood was chosen for the supvorts as, although not an exceptional
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insulator, the lezkage of charge would be small, and yet, because of the
slight conductivity, the chérge they hold would be sméll and so the
distortion they cause will also be small.

The insulators Qgre not heated, although this can be done by using
heater coils weound on the inéulator Supports, since for fine weather work,
the collector is not usad in conditions of dampness and the warmth of the
heater attracts spiders. When not in use and in rain, the »lzte was covered
by waternroof canvas guyed down. This protected the upper plate, but
rain splashes from the groﬁnd reached the lower playe even.wnen at 50cme
above the gzround.

It was found difficult to prevent piezo-electric effects aﬁd leékage
between the plates with only 6mm. gap and pléte 2. sheuws the éollector
rebuilt with 2.5cun. P.T.F.E. pillars between the upper and lower plates
with aluminium cross braces on inward fécing sides of the sandwich.

This is less acceptable theoretically, as the upper ané lower plafes are
now so far sepafate that they no longer remain at tihe same height. But
the plates must still be kept at the séme potential or thefe will be a
conduciion current between then.

This form of céllector was chosen to be as simple as possivle and to
allow. a natural grass earth surface to be below it.

It would appear necessary, however, that the collector 1nlate should
be properly éngineered, preferably on the roof of an underground
laboratory such that levels and strains can be pfoperly adjusted. It may
be an advantage to have more than one sandwich plate after the fashion
of GOTO(1957) or COBB and PHILLIPS(1952). Heasurement of the charge
collected by the plate can be made by an electrometer, by discharge
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through a ballistic galvanometer or by direct current amplification.
CHALMERS and LITTLE(1947) obtained results for fine weather

conduction current using a highly sensitive ballistic galvanometer. Use,

of a ballistic galvanometer means that rscording must be seguential rather

tnan truly continusus and in-an attempt to reduce the time between

discharges a photocell amplifier based on the design in reference(i1) was

3

constructed(Fig.5). A lamp was mounted so tiat its beam was reflected
bylthe primary galvanometer to the anex of a right angled rrism. The

beaﬁ is divided by the prisnm oﬁ to two 90CV photocells chosen for their
large surface area. The photbcellé viere part of a balance circuit and a
secondary galv%nometer indicated the out-of-balance throw oif the circuit.
The prism was mounted on a turn taEle to incresse the degre; of adjustment.
The necessary sequential operations can be achieved autohatically by
various methods. A system of polarised relays and a Thorn rotary stepﬁing
relay'operated by a cam from a synchronous motor was found most rsliable
(Plate 3.), although a pulse timer such as the cold-cathode-valve circuit
of BRITEC Ltd.(8) is more sophisticated.

The drawback to all photocell amplification methods of the type used
is that the noise level of the primary galvanometer is amplified Qith'the
signal and if the signals are close to the limit of sensitivity of the
galvanometer then they are no more easily serarated than before.

As an alternative to galvanometer measurement a D.C. amplifier using
an inverted triode after the fashion of Rowson et al (9) (10) can be
built, although in the example constructed for this work great difficulty
was experienced in achieving stability. KAY(1950) produced an electronic
method of measuring small direct currents. CHALMERS(1956) used a valve
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electrometer and a miniature electrometer valve circuit was used by
CROZIER(1963). IHIANITOV(1958) has made a survey of such electronic methods.

Perhaps the most common form of electrometer éircuit is the vibrating
reéd electrometer. This had not been tried originally as the system of
compensation for displacement current envisaged required the operation of
the electrometer referenced not to earth potentiallbut the poténtial of
the collector plates' surroundings and it was considered that this would
affect its stability too drastically. It had, however, the correct
sensitivity(3 =x 10-14amps. full scale) and preliminary experiments
indicated that it operated successfully at a potentiél of 100 volts above
that of earth aﬁd that when this potential was changed rapidly, the
disturbance caused was negligible. The head urits of two Zkeco Vibrating
reed electrometers were therefore attéched to the collector, oune to each
plate in such a way as to be insulated from the supports but to minimise
distortion(Plate 2.). The measuring units were likewise insulated, so
that the system could be maintained at a peotential close to that of the
collector's surroundings. Their initial pesrformance in the open suggested
that the collector plate sandwich, as originally built, generated réiatively
large piezo-electric charges.

In order to maintain the current-collecting system at the potential
of its surroundings, the potential gradient must be measured.by a field.
machine such that the output of the field machine can be applied to the
current collector. SHIDDY and CHALHERS(1960) adapted a Honeywell Brown
Blectronic chart recorder to balance continuously the outputs of a double
field mill and thus keep it at the potentizl of its surroundings.

Ls originally constructed, fhe continuocus balance unit of the recorder
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compares, by a potentiometric method, an inpuf e.m.f.y generated by a
thermocouple or similar DC source with an e.m.f. of known value supplied
by the inskrument. Any difference hetween tﬁe volfage of the thermocouple
énd.that of the potentiometer slide is converted into AC by a2 vibrating
reed and tien in power giviﬁr 2 final outyput which actuates z servo
motor. The servo motor drives the slide to the correct p5te:tial(Fig.6 ).
?or the bzalancing system to be of use in the pro?ision of voltages
equivalent to the potential in the aztmosphere, the voltage across the
slide wire must be several hundred times that criginally susplied. The
oriéinal slide wire must therefore be replaced by 2 éomposite resistance
constructed on a tufnol strip. This composite resistance consisted of

A

101 10BA bolts separated from each other by a éE” gap, the potentiometer
slide moving over the bolt heads. To the reverse side of the bolts, a
hundred TOK ohkm resistors mounted in banks on printed circuit were soldered.
In operation a few contacts at each end have to be shorted out to bring
the slide zero and full scale in coinc¢idence with zero and maxinum
voltage.

HIGAZI and CHALMERS(1966) have described the use of this system to
maintain conductivity meters at the potential of their surroundings. The
output of a conventionai single field mill set up in a pit a few metres
from the conductivity meters was amplified and rectified and.applied
to the recorder. The field mill gives an output independent of the
sign of the potential gradient and some method of sign discrimination
is usually required.(cf. MAPLESON anrd WHITLOCK, 1955; ADAMSOH, 1980;
MALAN and SCHONLAND, 1950; COLLIN, 1952 etc.) |

Higazi and Chalmers avoided the need for sign discrinination by
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rermanently displacing the zero by a small charged plate nezr the mill.

This is permitted if it is assumed that the potential:gradient between

the ground and the level of the conductivity meters is nearly uniforﬁ

and thus almost free from space charge. In their case, measurenment

of space charge(BENT and HUTCHIHSON,>1966) justified this assumption.

The portion of the field mill output caused by this displacemeﬁt was

backed off by a suitable circuit prior to the output being avsplied to

the Honeywell recorder. |
Some work was done on a similar system and the principle could be

aprlied to any field machine with a sufficiently répid response'time.

There are disadvantages about using a field miil for the measurement of

the potential gradient when the measurement %s to be related to the

sizeable area of a direct method current collector. The field nill

is essentially a point measurement and, if positioned at any level

above ground level, requires a Yeduction factor to compvensate for'the

distortion it.céuses. The publication of CROZIER's(1963) description

of a passive antenna or passive probe offers the advantage.of

1« a voltage output equivalent to the average value of the field over
the area enclosed by its antenna

2. a fast response time to field changes at the antenna height

5« the feasibility of several antennae, free from mutual interference,

v

vertically above each other and at levels between the ground and 1p,
DOLEZALEX (1963) said that conve¢tion currents would charge it like raindrops.

The principle of the passive probe is very old and was used by
LEHONNIER(1752) .in some of the earliest measurements of fine weather

phenomena.
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A stretched insulated wire or probe acguires ﬁhe potential of its
surroundiﬂgs because_of the conductivity of the air but this is a slow
process as to remove a difference in potential, charge of one sign nmust
be carried to the wire or charge of the other sign removed. This process
can be speeded up by either ionizing the surrounding air or carrying
particles away from the collector. The latter was implemented by VOLTA_
(1300) using a fuse and by KELVIN(1859) using a water-dropper.

The ionization of the surrounding air can be achieved ty using a
radio-active source; the most common being polonium,an« ~source. .As
these 'loaded' probes were faster in response and tﬁus niore suitable for
continﬁous recording, they became more highly developed than the
'unloaded' ér passive probes. It is.only recently that the measuring
techniques designed for loaded probes have Beeh modified for passive
probes.

The radio-active probe is the best of the loaded probes. - This:
measures the potential between the height of the antenna ané the earth's
surface. If there is a leakage path to earth from the prcbe, then the
antenna will not come to the potential of its surroundings and it would
be unlikely that any leak would remain constant.

The first attempt to prevent such leakage was when GISH and SHERMAN
(1929) surrounded the insulator of their apparatus with metal connected
to a potentiometer and maintained at the potential of the apparatus.
Being a 'null method this gave more sensitive readings but constant
adjustment rendered it unsuitable for cortinuous recording.

BREWER(1953 - Fig;#) used negative feedback to guard a leak-free
radio=active collector maintaining the ni]1l reading and yet recording
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centinuously. His circuit was developed from one applied by F.IEER(1942
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- fig.7) to an ionization chamber and it is his circu
turn been modified by Crozier for the passive prote.
Farmer replaced the electrcaeter uuovension fiktre with the highly

inzulated ;rid of an electrometer valve. His dfisinal circuit only took

a positive signa2l, although MUULZEISEN(1951) adaptad it to take signals
Brewer also used a centre zero arrangement to accept negative 51~nals
and his circuit produced sufficient power to drive a direct writing

recorder. His final circuit had a2 range of +500v and an amplification

s popularity compared with the
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passive probe, has its disadvantages. #uhleisen found that the ions

produced by the radio-active prohe were carried by the wind and could alter

the potential by up to 30 per cent.
CROZIER(1953b) therefore applied the basis of Brewer's circuit to
the more stringent coaditionz of the passive proke., The passive probes,

whose description follows are based on those of Crozier, zdavpted for a

\'\)
~

British electrometer -
For the purposes of description the instrument can be divided into
two sections, the field instzllation (¥ig.?) and the sensing electronics
(Fig.10).
The field installaticon consists of a suitabl& insulated antenna, in
this case a long stretched wir one end of which is mounted in +he
head unit of the sensing electroniés. This is connected by a two-

-

conductor cable to an amplifier and power unit housed indoors,
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¥For theoretical considerations, the antenna may be considered as a uell
insulated thin wire of cross-section a ¢cms. stretched parallel to the
ground at a height h cms, Assuming for the moment, that no instruments

that the

are attached, that the atmospheric conductivity is constant and

o)

potential gradient iz steady, then arter 10 to 30 minutes (tqe atmospheric
relaxation time) the antenna will have effectively lost any net charge

that it may nave had, Its potential is than that of the atmosphere a

ct

above and positive below, A current will flow continuously from the
antenna through the air to the zround and an equal current flows to the

antenna from above. For reference, a plane P at a height H, suffic
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rcted by the small distortion of the field near thé antenna,
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It has been assumed that the conductivity ). below P is constant,

ce and

".l)

which implies an absence of space charge. An eguivalent resist

capacitance natwork that would represent this situation (Fig.B8b.) would

r.C., =rC_ = EO/X'

GG 2P
('G =.\:P

and r + kr,, where € 1is permittivity of the
P G o]

atmosphere and k a constant determined by the dimensions. The application

(¥

Ead

of an alternating potential vp = V_ exp jvt fto the system at P zives a

votential v_ at a equal to vp/(k+1). Thus the performsnce of the system

L0

is such that the potential of a is a fixed fract 1on of the potential at P

13

and is in phase with that potential and the fraction is independent of

frequency aud conductivity. The potential of the free atmosphere at h is
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maintained instantaneously at a fraction h/H of that potential at P as
the conductivity is assumed constant. - Because there is no freguency
dependence, then the notentizl a is also that of the free atmosphere =t h,

If the conductivity is not uniform below P, then the condition

r,,CG = rPC“ does not hold nor is the potential of either the antenna
: D .
or the freze atmosphere instantansously held at h/H of the value at P.

However, the antenna potential can be sesen to be maintained at a close
approximation to the potsntial of the fres atmosphere. Crozier diécusses
this non-uniferm situation assuming éonductivity is a function of height
For a cylindrical wire, the distortion of the field is geometrically
confined to a snace of approximately 10 wire diameters in édepcth and »
width., (Fig.8a.)

For uniform conductivity, the current and field lines converge on the

wire from above and below from a width of two wire diameters, Crozier
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ny probabtle conductivity gradient in the immediate vicinity-
of the wire will not affect this appreciably. Thus if the éround and

the plane P are more than several tens of wire diamaters from the antenna,
the resistances Ta and rp are closely approximated by the resistance of

gir slabs two wire diameters thick extending vertically from the wire to

the ground and from the wire to the plane P,

3

If, now, a step change j"p occurs in the potentizl at P, then initially

there will be a step change:ﬂva in the potential of the antenna and V.,

in the potential of the air at antenna height such that
h
AV .. fA'.V = W kT3
a=-—nh “p H .

As the conductivity is non-uniforn, rh/rH (the ratio of columnar resistances)

will differ from h/H and the air potential will relax toward ﬁwh = IV %h
H

5k



with a time constant determined b& the conductivity distribution. The
antenna potential will also felax towards a final valﬁe of

ﬁNa =ANPrG/(rG+rP), rG/(rG+r§).ﬁ rh/r:f so that the final values of

DVa andﬁyh will be practically the same and with almost the same time
constant, as, area for area, similar charges must be moved througzgh
similar resistances in the antenna current slabs as in the .space well to-
the side.

To develop a numerical example; a 1mm. wire 1m. from the ground would

give the plane P, 10 x 1cm. above the wire and the initial étep changes
£Vh andﬁwa about 99. per cent of the step changeAVp. The lgngth of the

G

decreased to a point where antenna insulation can be attempted. This

wire is arbitrary, though if lcng enough, the magnitude of r, ean be

increases CG’ making possible the tolerance of a very small capacitance
in the sensing unit. (As previously noted, insulation and capacitance
provlems had previously limited the use of the passive probe.)

Taking the length of the wire as 20m. and assuming the ends are

guarded, € = 8.85 x 10"12 farad m”) and a value of A= 5 x 10-14mho m-1l
then on the above model re = 5 x 1014 ohms and Cq =0.35 pf. In a

) -] A
potential gradient of 100 volts per metre, a current of 2 x 10 15 amp.

flows to this anternna from above, and from this antenna to thg ground,
through the air. To measure this current to an accuracy of 1 per cent,

the current drawn by the sensing unit and across the insulators must be

no more than 2 x ’IO-15 amp. and the input capacifance to the sensing

unit around 0.003 pf. The apparatus attempts to meet these rigorous
requirements by the use 6f feedback technigues and high quality insulation.

The system used at Durham consisted of antenna of 20 metre 20SYG tinned
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copper wire suspended from wooden ﬁosts by means oi.a 2. gﬁard wire,
The sensing unit of the antenna was mounted on an aluminium boom of
approximately the same lenzth as the antenna height above ground. The
insulation of the antenna and guard wires was P.T.F.E. The head unit

boom was supported by insulators of perspex. Since the sensing unit and

[t
o

an

boom were maintained at a potential close to t} enna potential by the

2

feedback, the end effect was small and the field distortion introduced by
the wooden posts was largely neutralised.

The sensing electronics is represented in fig.0. One end of the

antenna led through the P.T.F.E. bushing to the control grid of a
Mullard HE1403.electrometer valve which was housed with the various biassing
batteries in the head unit.

4 two-conductor cable took the outﬁut signal plus the bias of the
electrometer valve and applied it between thne control grid and the cathode
of the 6SJ7 cathode. The floating 6SJ7 circuit together wi;h the-fixed
285v. supply, generated a feedback votential at the £SJ7 cathode. This
feedback potential was applied to the whole electrometer vélve circuit,
the hzad unit case and guard wires through the two-conductor cable. The
circuit was economical when szveral probes were in operaéion as the 285v.
supply could be common to all and no separate floating screen voltage
suprplies were reguired.

Since the head unit case and boom acted as a guard, it should be near
the potential of the antenna, In figdO. it is attached 3v. below the
negative filament terminal resulting in its being maintained at about
-0.9v. with respect tc the antenrna. The insulator leakage would then be

in the correct direction to tend to neutralise ‘the negative grid current
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which at 3.0 x 10 amp. is just above the 1 per cent limit acceptable

-for a 1ne. high 20m. antenna, The voltage gain of the arrangement wvas

o]
[

sufficient to reduce the input capacitance of the ME 1403 grid from 0.2

The potential tetween point B and the ground follovs the

lJ

potantial of

-y

the antenna at A with a sm2ll effect and any suitable voltaze measuring.
unit drawing less than 0.5 mA. can be connected at B, Overall calibrathn
of the circuit could Te obtained simply by applying known voluameu.between
the antenna wire and the ground. The expectad range for the instrument
r

was Irom -100v. to 230v, in fine.weathnr.
during rain, as the moisture lowered the insulation-and raindrops hitting
the antenna deposzited charzes or caused char

b

unit and booms wers protected Ly tailored polythene covers during wet
. ]

The original intention was to effect 2 modificstion to the head unit

[n

so that only the electrometer valve was housed in it, bias voltages being

L
[¢]

ables. A similar modification was made

(/]

supplied to it by weatherproo

v SPANGLER(1952) who sealed the elc
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with a needle type antenna for the measurement of b1010"1ca1 potentials

where space was at a premium. The advantasge for outdoor use is not so

Q)

much space as a weizht reduction which would alleow a lighter, more cong

~ ks

-

boom and reduce tension on the insulators. Fig.11. shows the layout of

[0}

desig

3
in

. cr

The casing was of brass tube, in the lower end of which was

o
:3

I

ixed a BTG valve base with a P.W.F.E. insert. The electrodes of the
HET1L0Z, except the contrel prid, were soldered to this. The soldered
joints must be further than 1.25cms, from the glass sheath of the valve
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to prevent damage to the valve. The contrel zrid electrode was sheathed

with PYC and led clear of the valve and wall fo a Plessey coaxizl plug

with'a P.T.F.¥. insert at the other end of the tube. The mating end of
the Plessev pPlug was attached to the anteznna wire. The hezd unit vas

fized to the boom by a curvad 'c¢lin' of brass and was connectad to the
rest of the sensing unit by a six cors cable,

Spangler surrounded hig valve witﬁ an inert atmosphere o nitrogen
sealed in with epoxy rss sin., The ME1403 unit was first triad as deécribed
with an air étmosphere and then completely encaps ulated with Araldite epoxy
resin, but the difficulty with thris head unit in outdoor conditions proved
to be the collection of dirt and moi=zture zcross the insulation cf the B7G
valve base. Great care must also be taken in handling the valves them-
selves or insulation brezldown occurs across the glass sheath beiveen elec-
trodes. Once contaminated, they are very difficult to clean successfu lly
Orne further disadvantage with the resin sealed valve is that once sesaled,
it cannot be inspected. The ME1L03 gfid current, measured $ver high
resistances by a Philips GM&EC20 electrometer, was found fo be higher than
the stated characteristics, It was therefore decided to mzake a largér
head urit, more anmcnable to experiment atloﬁ and containing its ouwn bias
veltages, From this, the final head unit (Plate 5.).was developed. The
electrometer valve must be kept in darkness to minimise the éhotoelectric
incresase in grid current on exposure to light.

Fig, 12. shows a calikration curve obtained“for this prove by applying

known voltages between the antenna and the ground. The curve suggests a

linear response for an antenna at 1 metre over a range of 300 volts/metre

p.

o8

o]

tive tc 150 volts/metre negative. It will be noticed that the curve
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does not go through the origin but gives a zero field output of 8yamps

It was thought possible thaé this was due to contactlpotentials, though
contact potentials in this instrument do not have progportionally the same
effect on the measured field as do the internal contact potentials of a
field mill.

Typical comrzarisons are shown in figures13 and1k . Fig.13. shows a-
steady fine weasther afternoon with little cloud. It would bte expected
that the instantaneous varlatlons of the passive probe would be less
violent than that of the agrimeter as the latter gives point measurements
rather than the probes averagsd values.,

Fig.1%#. indicates charging of the antenna as cohditions of very light
rain developed. The large positive pezk occurred as a big cuﬁulué cloud
came overhead., The output from both probe and agrimeter went negative_
as the rain started, but the prote drift ed ravidly more negative and only
returned toward a reading cdmparable with the agrimeter s the rain
ceased. It must be emphasised that light rain caused these results.
Under moderate and heavy rain, moisture collected on tae iﬁsulators and
the high resistance necessary for oreration was broken down. Trouble was
also expefienced with spidsrs' webs, wind-tlown seeds and air-polliution.
It was found advisable to give the insulators a daily routine clean and
to check again before us=.

Crozier's antenna - a straight two-ended system - appérent1y gave a
fairly satisfactory performance with no guard section and full antenna
potential across the imsulators.

Keeping the antennae level at their respective heights was another

routine adjustment, as the wire stretched under tension and its length
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varied with temperature. Occasionally it was severely straiﬁed by strong
winds or collision with dogs anc similar animals. Bifdé did not perch

on the antennae but were content to sit on the support posts and
contribute considerably to the insulator clezning problem. A useful
modification would be to have the guard wire insulators made from several
metres of nylon attached to a device similar to a fisherman's reel,
insulated from but mounted on the supvort posts. - This would simplify
adjustment vroblems considerably.

Despite the practical difficulties of maintaining the antenna system,
it is considered that ithe reasons for the unsatisfactory performance of
the passive probes at the observatory site were p 1ﬂar11y connected ulth_
the conditions in. which the electrometer valve was expected to work. The
grid current is required to be very low and this essentially means low
1eakaée. DAGPUHAR(1258) auotes experiments in which a HE1402 valve
operating at rated values, had a negative srid current of 1,3 x 1O-j5amp.
in a llgﬁt—tight box which rose to 3 x 10-13amb. vhen exposed to dusf and
humid air. It was also noted that a 2" diameter hole in 2 box containing
the vazlve in some instances gave a photoelectric current of 10-12amp.
Attenmpts to control the humidity within the sensing unit were made with
the installation of desiccator units.

Electroneter valves are also-sensitive to vibraticn and mechanical
shock which may result in a change in valve geometry and corresponding
changes in the valve ckaracteristics.

Fowever, if the design of the sensing unit can be developed to isolate
completely the valve from the uncertainty of its environment, there is no

doubt that the instrument is a valuazble addition to the range of field
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measuring devices. Its development and the accumulation and interpretation

&

of potential gradient neasurements by this method are'worthf of separate
study. Aspects that would be of particular interest would include the
determination of exposure factors of other field measuring instruments, -
the variation of potential gradient with wind speed close to the ground
both la%erally in tracking the course of bharged du#t clouds across a fgst
site, or vertically in_the measurement of departures irom potential
linearity such as those during conditions of a strong zlectrode effect,
Correlation with space charge measurements would not be easy because the
latter are essentially measured at a single point.,

Compensating for the displacement current is perhaps the most
difficult part of the direct method of air-earih currént reasurement, if
the resolving time of the apparatus is to be fast enough to give records
distinguishing local effects from world-wide effects.

liention has already been made of the early work, where the mezsured

current was integrated with time and the displacement current effectively

L}

neglected, and of the designs of SCRASE(1933), GOTO(1957) and HASEHIR(1955)

whose speeds of response were limited by the response of a radio-active

collector, of a waterdropper and the relaxation time of thelatmosphere;
ADANSON(1950) developed a system which gave a much faster.response

time of the order of 20 seconds,.although this is still some way from thé'

desired 1 second response. An aferage change in potential gradient of

1V/m in 1 sec. at a potential gradient of 100Y¥/m will zive a displacement

current of 3.3 x-10-12A/m2, wnen the conduction current may only be

2 x 10-12A/m2. Adamson used a field mill designed with overall negative

feedback so that the ‘relation between the field ard the output
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thus involve a-difference mester of some kind.



was closely linear. The outﬁut of the mill was then differentiated and
fea into one half bf a double elgctrometer valve. To the other half of
the va;vé,'would be fed, for fine weather work, the current from an
unshielded current collectcé. The differentiated signal from the mill
is proportional to the displaee zment current and so ooth :zlves of the
.valve receive the displacement current signal and the final response
émplified by the d.c. amplifier is due oniy to the conduction current.
CHALMERS(1963) suggested the possibility of c01penaat1ng for the
displacement current by using a rapiély resnondlno field machine to
measure the potential at the height of the current collector. The output
would then be used to apply a voltage to #he plate to keep it at thé
botential of its surroundings andé also to apply a voltége equi%alent to.
tuice that potential to a condenser that is connected to the collector and
that has the same value as the sum of the stray and cable capacitances.
The suggestion is that if the response time of the conpensatl g syétem
is suff1c1ently rapid, then the change in bound charge on tnhe collector
plate will always be balanced and the net change in bound cﬁarge will
be zero. This differs from earlier methods in that the displacement
current is eliminated from the collector itself. Applied‘to the
collector system suggested by CHALKMERS(1962), the system would appear
similar to fig.d5 . The difficulty may be in the vroductior and
application of the doubled voltage and in the speed of the instantaneous
matching of the system. HUTCHINSOﬁ(1966) described the partial success
of a similar systéh with the current collector at ground level. He
was able to show that the compensation could be effective and
instantaneous, although he was troubled by zero fluctuatioans of the field
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nmill system which limited the sensitivity. In order to reduce the noise

y

nieter

erel

A

iC
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level of the system, he suggestzd the use of a field-dif
which would respond immediately to the departure of the field from a
convenient average value which was itself being adjusted constantly as

the potential gradient altered.

The displacement current can be reduced if the current collector is .

|t
(42

surrounded by a raised shield. If the or i5 at ground level this

the collector is raised above the level of the ground,

h

can be earthed. I

elative to the collector and

H
Qi

then the shield can either be raise
maintained at the potential of the collector or kept in tihe vplane of the
col;ector at a potential slightly less then that of the ccllector. The
choice would depend on the mechanics of the collector'system.- The object
of the shield is to divert a portion of the displacement urrent from the
collector by altering the dispositon of the lines 4f force. Unfortunately,

as the ions will also follow the lines of force, some portion of the

conduction current will 2lso ve diverted. In fine weather «

o]

rk, the
hielded receiver will not suffer from the charging by collision that
occurs when raindrops impact upon it but it may interfere with the
entification of the cflect° of local space charge pockets that may mﬁve
in the atmosphere with a horizontal velocity component. If continuous
recording is to be undertaken, it.is feasible to translate data difect
to a digital form for rapid access to a computing system. This has
already been achievéd at Durham with records from a mobile insirument
van. It would be poésible to improve on the original system of

integrating the current with time and thus neglecting the displacement

current by computing the compensation required at any instant from a
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continuous record of potential gradient

accordingly.

6L

and adjusting the current records
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conductivities of each sizgn were constant witn

WILSON(1905) had his apparatus set in & site on a hill (Hamildon Hill,
near Peeblies) sonably clezr of obstructions affecting the fi2ld and

SIHPSON(1910) obtained valuses, when corrscied for dlsvla ment

continental stations by the indirect method.
-12 . 2
Kew 0.79 = 10 arp/m
N
‘I/>‘?_ F>\’l
s an=12 2 - 12
Gottingen 2.7 x 10 amp/n 0.98 1.3 x 10 lp/m
2 -1 " -12
Potedanm 2.37 x 10 2amp/m2 1.16 1.27 % 10 amp/m2
Davos 1.71 = 10" Pang/n° 1.12 0.91 x 10™ 2amp/m?
The simple electrode eiffect postulated by VON SCHWIIDLER(1908) and others,
was not found by Watson for Kew, as the variation tetweern tre potential

sradient with height in t? irst few metres was small and so he concluded

15
<D
Hiy

that there must be turbulence carrying a positive conduction current
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of a magnitude’  equivalent :to F A upwards against tho field.

2.
WHIPPLE(1932) suggested that a process of eddy diffusion could carry
rositive charge upwards. The magnitude of eddy dlfILSlon which is
greater than that of ordinary diffusion depends on the metgorological
conditions,. especially the temperature gradient; and will vary with tiqe
and place. Eddy diffusion cannot produce any vertical electricﬁl current
unless there is a variation of space charge density with height. Space
charge depends on dF/dx and thus the electric current of eddy diffusion
is proportional to dZF/dxz. The criticism was therefore made that, as.
the vertical velocity of eddy diffusion was small, a fairly large positive
space charge would be needed and this would produce a changs of potential
gradient with height, greater than that actually found. ZTTAU(1941)
extended the theory for eddy diffusion varying with height but the
criticism remains.

NOLAH and NOLAN(1937) operated both direct and indirect,me%héds
simultaneously af Glencree; directly by using Wilson's methed and
indirectly by counting positive and negative ions and estimating their
mobility., They found that the conduétivity was the same to within 10 per
cent by both methods. Considered with a field that was found to be

actically constant over the first metre, this result suggests that
(A1+A1) at 1m. is equal to>\1ﬂ at the ground and thus X1 must vary
<
rapidly with height. NOLAN(194C) repeated these measurements with
similar results, finding that the conductiviiy by the aspiration method
exceeded that by thé Wilson collector by only 12. per cent. The Glencree

site was reasonably free from pollution, although there was a wmarked

increase in the large iorn concentrztion when the wind was from Dublin
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(NOLAK and NOLAW, 1931). The site was bordered on two sides by buildings
and on the third by a hillcide vbut, by apnlying an exposure factor, he

. _ > :
obtained a value of 2.7 x 10 12amps/m by the Wilson method, against

-12

. 2 . . o
Watson's value of 1 x 10 amps/m~ and the continent average of

!

approximately 2 x 10712

'amps/ma. He suggested that the air-earth current
at Rew was abnormally low although he postulated the 12 per cent difference
as a convection current.

HOGG(1939) making simultaneous measurements from the underground
labopatory at Kew, found that the Wilson apﬁaratus at ground level gave
a value for the conductivity almost egqual to the positive conductivity
measured by a Gerdien apparatus at ground level. This also apuvlied to the
negative éonductivity if the Wilson.instrument was exﬁosed to hatural
reverse fields. He confirmed the virtual absence of variation in
potential gradient at this éite reported By WATS01:{1929) and again by
SCRASE(1535). He also found that X1 decreased with height, the décrease
being mosf rapid in the first 12.5cms. and being around one half its
value at 1m. and higher. )\2 increased from zerc at the surface to about -

equal to)\ at 1m. and consequently the total conductivity remained very

1 _ .
nearly constani over the whole range of height considered. Ee also found
that near to the ground there wés a snall vositive space caarge of about
1,000e/cm3 and that the rate of ionisation was less at 100cms. than it

was at ground level. Some of the observations at the various heights were
performed in different seasons of the year-énd some of the apparatus was
changed during the observaticn period. Although.corrections were made to
make the observations comparable, it is a pity that with the advantages

of the underground la%oratory, the equipment was not made a little more
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flexible.
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LUTZ(1939) compared measurements made funich in 1936 by the

indirect method with measurements made by the direct method in 1909. He

(42
'.l-

found values that gave a ratio of 2:1 which supported the diffusion theory.

However, his measured space charges appeared too small to give a sufficient
convection current and CHALIERS(1957) suggested that the difference might

be due to changing conditions between 1909 and 1936. CHALMERS(1946)

s . \ - . ;
tcok Hogg's result that N = :>> and showed that with the assumption
- o i
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t ground level five times that at 1m., it was
possible to get a variation of conductivity like Hogg's and a potential
gradient that was reascnably constant under conditions of a quasistatic

ions of both signs and small. space charge. He
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suggested that this increase in ionisation near the surface was due to

') - s » - - )
ol - and > - radiation from radio-active substances in the top layer of the

LL(]U—1) made measurerents which snOWed a
variation in ionisation did in fact occur. PIERCE(1958) showed the
actual variation with heignt was not far different from that sugpested by
Chalmers in that he found 60 ion pairs/cc./sec. at 1cm. above ground and
orly & ion pairs/cc./sec. at 1m. He pointed out that radio-active
fall-out was likely to increase the effect of 3- radiation witﬁ time.
This was further supported by the discovery of primitive electrode effects
in areas where the ground radiation would be shielded from the atmosphere,
nanely the Cree nd ice cap(PLUVINAGE and STAHL, 1953, and RUHKNKE,1952)
and the surface of a lake.(HUHLEISEN,1961). O'DONNELL(1952) measuring
conductivity, failed to get the changes of conductivity with height that

Hogg found, nor did he find the total conductivity at a height of Im.
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equalled the vositive conductivify at the earth's surface. CHALHERS(1§53&)

péinted out that O'Donnell expressly set up his apparétus always under the

branches of large trees as vrotection from the field of the earth and

that this is a different exrerimental condition from measurement in the

open. If the protection from the field given by the trees is complete,

then Fg, F and i become zero and if the properties of the positive gnd'_

negative ions were not different, then the'ratio‘>ﬁn/>>g-would be expected
. e -

to be egual to one. §K1€/>H would also tend to unity with increasing

turvulence as O'Donnell found.

ISRPAEL(1954) collected together results from different stations which
gave a mean for direct measurements of 1.9 x 10—12A/m2 from 12 sets
and a meen for indirect measurements of 2.8.x 10'12A/m2 from 26 sets.
Eowever, the indirect measurements ccntain a greater number of results
from stations in unpolluted areas such as ice czps and oceans and it hés
been suggested (CEALMERS, 1957) that the difference is not really
_signifiéant. -

The problem of the two methods of determining zir-earth current
apneared to have been fairly definitely solved by the agreement found
batween the WOLAHS(1937) and HOSG(1939).

However, LAW(1963) used Ebert jon counters to measure the-number of
small ions of both signs at four levels close to the grourd at a site
in Cambridge. He also measuréd space charge and the potential at 1m.

He found that the total conductivity decreased with height uﬁder most
conditions. He épncluded that this was incompatible with a conducticn
current constant with height and that it implied the existence of a

convection current comparable with the conduction current. He has been
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able to give an account of his results involving both this convection
current and a2 vrariation in ionisation with height, thus falling between’
the theories of Whipple aznd Chalmers. Law's apparatus differed

rom that of Hogg and HIGAZI and CHALIMERS(1955) obtained
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results at the Durham Cbservatory site in general agreement with Law,
wkile using conductivity apparatus very similar to that of Ho

and Chalmers found that toth >H andv)E decreasezd with height. The

average values of the ratios of conductivity at ground level, ZOcms. and
1 metre were:-
> \
YY) W A 1.21 R 1.30
1g/ Mg 3 Mg *1(20) _ /\agA\:(ao) 3
A\ : " \ .
2 Y 1
Mg/ M 1.2 Nag/A2 7
The suggestion derived from this was that there wasz a signifi cant difference

in the conditions between Kew and Durham ané Cambridge, particularly in.

the condensation-nuclei content, as the air at Kew has a high de~ree of
’ & o

pollution compared with the other sites and conseguently this is reflected

in the ccnductivity and potential gradients. The potential gradient at

Kew was gensrally about four times as great as those at Durkham and

Cambridge. Higazi and Chalnmers also Tfound that all ratios tended to unity

as tne wind speed increased. They suggested that an explarnaiion in terms

of turbulent mixing of the air near the ground would tend to a limit in

strong winds, wihen the air in the lowest metre was thoroughly mixed and

4]

showed the same cnaracuﬁ“lstlcs wherever sampled. The mixing would
overcome the séparating effect of the electric field and would keep the
ratie tending to unity, although this would leave the problem of how the
current was carried into-the ground itself unanswered.
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‘The question of the importance of conveciion currents had been
reopened by KRAAKEVIK and CLA2X(1933) with the *esal s they obtained

cuiside the area close to the earth's surface. If there was no significant

effect due to convection currents, the conduction current would be.the
same a2t all levels in the atmosphere. EVERLIHG.and WIGAND(1921), with

earlier airborne measurements, had found the conduction current to decrease
with increasing altitude, but KRAAKEVIK(1958) had found the conduction

. caa s P - 2
current constant with neight over Greenland at a valus of 3,7 x 10 A/m™,

Over Chesapeake Bay, however, Kraakevik and Clark, measuring conductivity

and potential gradient from an aircraft near the boundary of the zustausch

region found that above the austausch, the conduction current was constant
- s e g . 12 /2 e e o . s s .
with height at an average of 1.1 x 1C° “A/m". Within the austausch in two
. e ' =12, ,2 . . L. o R
regions they found values of 1.5 x 10 A/m indicating that the conduction

current did alter with height. They considered that upward convection

of positive space charge within the austausch would cause this and their
potential gradient measurements showed space cqarge ox abouf the right
magnitude. Up to this time,.those who considered that Hogzg's results were
most significant had accepted the Holans' results as confirmatory and
taken the 12 per cent difference that Nolan had explained as a convection
current to be just a local difference. Kraaksvik and Clark's results

then gave some greater significance to this convection current. They

suggested that the source of positive charge required to support a

QO
s}

ontinuous convection current might be positively charsed nuclei from
8 g

combustion n;ocegsés (MUHLTISEN, 1955) Another major source could Gte
the breaking of waves at sea.(BLANCHARD, 1951)
CHALHMERS(1264), considering the simple case when the conduction current

17 1



within the austausch was the same at all levels, showed that the to:al
vertical current éuring the time when convection was:occurrinngas less
than the value when there was no convection. This latter value would .-
itself be less than the value of conduction within the austzusch,.

However, the fact that the total current into the earth nmust be equal

to £he total vertical current and not to the conduction currsnt duriné..
convection, again focussed atiention on the situation close to the earth’'s
surface.

KASEMIR(1960) made én attempt tg measure directly the zir-earth
current in the upper air, although it has bzen shown that he was, in
fact, measuring AF.. He found that above the austausch, the air-earth
current density was the same at all heights and was nearly foﬁr times
as large over Greenland as over the wnclluted areas of the eastern U.S.A.

&

{iz results in the austausch were not reliable as matching wasinot
achieved. UCHIKAWA(1951) measuring the conduction current by the.indirec?
method found the value in the austausch to be 1.3 times that above the
austausch.

HOGG(1950, 1955) made attempts to relate the local conductivify at
the earth's surface more precisely to the air-earth currént. At first
he divided the columnar conductivity into two parts; the upper pa}t at
high levels due to cosmic radiation and unaffected by local chznges near
the ground, and the lower part dependent on the surface conditions
(i.e. radio-actiye materizl). and concentration of large and small ions)
and a function ofx « In the second attempt he used the empirical
equation for the vériation of conductivity with height given by GISH and
HAIT(1950), >\= >% + Ahz. Neithef of these methods, however, can take
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into account the abrupt change in conductivity at the upper bvoundary of
the austausch region.

BUIS(1%57) nas compared over fifty current density measurements

(%5

erived in four wa
1« The potential differeﬁce between tne electrosphere anéd the earth
and the columnar resistance,
Z. leasurements of potential gradient and conduétivity a2bove the
austausch,

3. The direct metiiod at the surface,

4. The indirec
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X timately 1 metre above the

surface.

He divides the stations into three areas A. Polar, B. Oceanic and low
pollution areas, C. Areas of high pollution, with the following results.

A : B ' c _

10~124 /n? 10~ 124 fm® 1078 5/
1. i = v/R 3ok 2.4 ' 1.1
2. i = 1-"(}.14,%2) 3.3 1.8 T 143
3. Direct i ‘ 3.0 : - 1.2
be i = Fhy 3.4 1.9 ' 1.4

at 1 metre

He reiterates WATSON's(1929) suggestion of a convection current equal
in size to FA,. In his survey he neglects those values for the conduction
current measured on mountain sites because of their dependence on .their
=12

local conditions. Conduction currents of the order of 13 x 10 A'/m2

fer instancs, have veen found on the summit of Jungfraujoch against normal
a Af 2 L ig~12. . . , . .
values of 2.4 x 10 ﬂ/m2 which, if the conduction was to be tihe same at
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all levels would be anomalous.
In any det ailed co*1parlson of results from diffe erent areas, it nmust
also be remembered that the aznnual variations and sometimes diurnal

variations of the air-earth current in different places have shown

different results. A list of such variations was given tr HOGG(1950).

’
™ o e

In general, if i =AY and i = V/R, as V and R vary less than\ or F, i-is
more nearly constant than >\ or F. R will have a variation inverse to
that of >\and of smaller amplitude and so i will follow the changeé in
}\and give a variation the inverse to F.

SAGALYN and FAUCHER(195%) sur‘r*ested that the variation of the air

~earth current could be described so
' 1di _ 1.4V 1 4R

i*dt T V'dt "R dt°

vadabipn ~ werld lacal
of L wide Glumnar
varakien Avronukion
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L.2, Conclusions.

It has been shown thal for an understanding of the fine weather
electrical phenomena in the atmospheré it ié necessary to measure the
alr-earth current directly as well as the conductivity and potential
grédient, and that, although the aif-ea}th current is probably a mo;e‘"
fundamental variable than the other two, its measurement is more difficult
and hence the state of the apparatus so far developed, less satisféctory
than the measurement of conrnductivity and potential gradient.

Proviced that the area concerned is a faif sample of the earth's
surface, the direct method of measurement at the surface will.give a
measure of the actuzl air-earth current. If the results between this
and the indirect method do not agree, it can be inferred that the
conductiocn current calculated from the indirect method does not comprise
the whole current. It is, however, difficult to say how much of the
total air~earth current, measured by the direct ﬁethd, is éonduction_
current, unless the components of the total air-earth current can be
measured at heigﬁts above the surface of the earth. ~DOLEZALEK(1950) took
a number of measurements of F, i and A\ and discussed the various factors
that would give apparent Jeviation from Ohm's law, for if convéction
currents exist, then deviations from Ohm's law will appear. He came to
the conclusior that a comparison of results from thg two methods of
determining the air-earth current is not sufficient to give the convection
current, If the Eonstructionél and operational difficulties can be

solved, then a system such as was attempted here may well give a measure

of the importance of the convection currents in the lower region of the
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atmosphere. It may be also that ;onclusions based on similar measurements
at different heights are less liable to error than th;se based on a
comparison of results from differing measuring methods. The difficulties
6f defining a system from measurements made from one boundary, the‘
regative electrode, of the system are enhanced By the failure of the
theory of the simple electrode effect to satisfy the conditions found in
practice, This is not only because of the variation in rate of ionisation
at the earth's surface, but also because of the presence of turbulent
rixing close to the earth's surface. The assumptions oftthe quasistatic
state and of horizontal stratification lead to a current density the
same a# all levels. The results from the indirect method suggesting the
conduction current is not conétant with height leads to the aésumption'
that some other current, the convection current must alsc not be constant
with height.

The development of analogue computing technigués makes it feaéible to
consider the developmént of model systems for the theoretical solutions
to these problems, if sufficient primary information can bé gathered

under known conditions. ISRAEL(1957) called for syndptic measurements of

hnl

F, i and‘x to be nade to separate local effects from thoge witb a wvorld-
wide basis and the separation of local effects is essential, if results
are to be compared between different sites. It has been shown that the
degree of pollution and the presence or absence of the electrode effect
has influenced thg conclusions drawn from experimental results in the
rast. The separation of loczl effects from more fundamental variations

is the more important, since COLLIN, GROOM and ﬁIQAZI(1965) have indicated

periods of auto-correlation that indicate the atmosphere has a 'memory!'.
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Their analysis of HIGAZI and CHALﬁERS'(1966) results indicated that thé
length of the memory was due mainly to the replacemené and mixing of the
air by the wind, although some small effect was made by the exponential
relaxation of electrical phenomena in tbe atmosphere.

WHITLOCK and CHAL®ERS(195%) found variations in the fine weather
potential gradient that suggested the movement of wind borne pockets of
space charge. BEENT and HUTCHIKSON(1986) found repetitive patterns in space
charge records that had their counterparts in the wind spead, tempe;ature
and humidity records and suggested the movement of wind borne convection
cells,

ERBU and TRENT(1958) found changes in conductivity before the onset
of fog(and before its dissipaéion too). DOLEZALEK(19&2) found that the
conductivity decreased and the potentizl gradient increased about 1 to 2
hours before fog appeared. The care with which a site must be chosen hés
already been indicated but these last findings faise tae question'of the
choice of periods for analysis.

It has been usual for fine weather phenomena to chooseAdays that
appear undisturbed either from meteorological or potential gradient records,
but ISRARL and LAHMAYER(194 8) suggested that conclusions shou’d be bagea
on the analysis of all records except those wvhen precipitation was actually
.occurring.

The full separation ¢f local influences on the value of the conduction
current and the importance ofithe'convection current must therefore call
for fully automatic recor dlng. Indeed, it may prove that the automatic
provision of a digital output for computer access may be the only

satisfactory method of overcoming the problem of the displacement current,
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ne direct method of measurement is to be used above ground level.
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NT and i UTCHINDOK(19*5) ;awe demonstrated such a system for fully

automatic recordinzg and automatic data-logzing sysitems for the renmote
& &S =3 o
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recording of meteorological variables have teen commerciglly available for

some time(12).

It is, therefore, suggested that the understanding o tance
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of the components of thz air-earth current would be materizlly advanced,

if standardised equipment could be set up to run simultaneously and
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. It is suggzested that the veriables that should be measurad are
a.) air-earth current by the direct method, b.) conductivity, c.)

votentizl sradient, d.) space charge, and e.) wind speed, and that

the equizment should be based on a.) a properly engineerad double
collecting plate with & computer- -calculated compensation for displacemsnt

current, Db.) a conductivity measuring system after HIGASI and CHALMERS

(196“3), Co) a fiel
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agsive robe system, and d.) space charge

It is suggested that such apparatus zhould be nlaced in three
carefully chosen sites, one in a polluted 2rea, one in an ares frse from

rollution and one in an area where the electrods effect was found to

Obviously a project of this size would probably reguire some
international cooperation for it is unlikely that all three sites would
be found in this country. Héwever, the msteorological sciences have long
shown the lead in such forms of scientific ccoperation. The éroject vould
also be expensive, but in terms of economic and scientific retu”n, it
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might be nreferable to standardise on ecquipment at this stage and obtain

han for individual. researchers, especially
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ong veriod of results rather

research students, to develop their own variants of awparstus and be often
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esults covering very small periods of time.

s also true that in favourable economic climates, government

’

ck
(W8

I
organisations have been rrepared to spend such rioney as would b2 required

in this field. In particular, tke

[U)

uthor is grateful for the receipt of

rateful for the privilege of

6
[44]

under the late Frofessor J.A. Chalmers and Dr. W.C.A. Huitchinson.
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