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PRACTICAL COI‘JSIDERATIONS IN THE REZCONCILIATION OF THE DIRECT AND INDIR".ECT

METHODS OF MEASURING THE AIR-EARTH CURRENT
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PRACTICAL CONSIDSEATIONS IH THE RECOHCTLIATION OF TEE DIR®CT

AND THDIRECT METIODS OF HMSASURING TH= AiR—EAhTH CURRENT

Prozress in any Field of scientific interest is often advanced bv the
failure to find agrzement betvween two different apuroaches to a particular
measurement in the field. This is s0 because it forces atteantion on the
theory behind the measurements and the conditions under wiich the measure-

aents were moda.

ering results have been found for the valus o e
earth current when measured by the "indirect® znd "direct! methods of
apnroach. The indirect mathod involves the recordin f
conductivity and the potentinl zradiesnt and equating thelir product witn
the conduction current. In the direst method, the total charge erriving
at a portion of the earth's surface is meas d

tnough more 4ifficult, appears to Ye the more fundanmental measuremen

a2 critical review of previous experiments and the hvvot

to explain their differinsg results, is made. The limitations of work
at ground level, in that it predicts a sysiem from the examiralion of one

of the sv*tnw bou¢daries, iz indicate

maasurement o

f atnospheric electricity

A - ~

discussed and some details of an unsuccessful attempt to devise o form
of the direct method that would enable the true magnitude of any ccnvection
current to be found, are given.

Surgestions are made for the measurements recuired and the condiiicons
under which trhey should be made if the final resolution of these
differences in the recordins of the fine weatuner air-earth current is to

be achieved.
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CHAPTER 1. DEFINITION OF THE PROBLEHM

1.7, Introduction,

A brief perusal of the continually increasing number of scientific

journals often leads to the opinion that the progress in science is a
succession of minute advances on a very broad fro%t, each gathered
fact contributinz to the knowledge store. But any system relying on
an arbitrary accumulation of information will not advance, save by
charce, unless it has direction. Chance discoveries there have been,
and probably more than the formal standards of scientific writings
allow. Among these were the discoveries of sulphanilamide by Ehrlich and
Domagh while working on azo-dyes in 1930, 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 fnormal' scientific
process of fact-gatherirg. For normal science is not looking for
fundamental novelties, but for the ordered pattern acceptable to its
basic commitments and the unexpected discovery is thus not solelky
factual in its result.

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

The announcement of X-rays was received not only with surprise, but
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witnh some shock, for people had been using catﬁode ray tubes:for some time,
Although X-rays were not diréctly prohibited by theofy, for the liéht
spectrum contained visible, infra-red and ultra-violet areas, they did
violate deeply entrenched expectations. \

The discovery of anomalies thus produeés a state of.tension within the
accepted thought, for a change in the 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 o7 opinion.

Some felt that attraction and frictional generation were the basic
electrical phenomena with repulsion, a secondary effect, due to mechanical
rebounding. A very small group held that attraction and repulsion were
phenomena of equal magnitude and the third schooi regarded e;ectricity
as a 'fluid' running through conductors and their atteﬁpts to capture this
fluid led to the Leyden jar. It was the concern of Franklin and his
immediate successors to sxplain the behaviour of this new experimental
facility which produced a major theory of electrical beha&iour.

The alignment of thought around a major theory leads to the selgction
of experiments with far nore 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 dewnth and detail which may bring up abnorm

~alities that wculd otherwise be overlooked and in turn, these abnormalities



may lead to the overthrow of the original major theory.

There is always an element of crisis in this method of scientific

W

rrogress. Indeed the larger the crises, the more major ths Ttreak with
accepted theory. Newton's theory of light and colour was put forward

Naj E)

because none of the existing theories would account for the length of

the spacltrum and the wave theory replaced Newton's because of
concern with diffraction and polarisation effects. (2).(3).
Thermodynamics was derived from the collision of two existing
nineteenth century physical theories(4) and quuntum mechanics from
difficulties with black-body radiation, specific heat and thre photoelectriq
theory. (5).
Normal science is not necessarily differentiated from crisis science
by a lack.of discrepancies, but the research worker must be sensitive to

the importance of the discrepancy that confronts him.. It may require time

)

before it can be said whether a discrevancy is of importance to the

inal comput-

91

structure of a theory. It was sixty vears after Newton's ori

I

]

's perigee

3

t

ation that the discrepancy of the predicted motion of ihe noco
to that of the observed motion could be shown by Clairant *o be only due to
the mathematics of application and would not require an altergtion (il
‘Newtan's inverse square law. (6).

It may require experimental techniques more advanced than can be
provided at the time, as with Kepler, who in 1528, noted trat the tails
of comets always curved away from the sun and correctly assigned this
curvatu;e to a pressure exerféd b; the sun's rays; yet this could not be
experimentall? éemonstrated in a'laboratory until 1901, when the effects
of radiation pressure were noted on delicate torsional balances,

3



It may also require interpretation as witg the discovery of Uranus.
Between 1é90 and 1781, seVﬂﬁfeen differeﬁt asﬁronoméré had seen stars in
positions now calculated to be‘that of Uranus at-that time. 1In 1769, an
astronomer had observed it for four days without ;oticing ary motion,
Herschel, in 1781, provided tﬁe experimental advance required, with a
new telescope of his own desigh, and saw a disc shape which was unusual for
stars. He did not identify it until he had given it further scrutiny and,

had seen a new conet.

...4
oy
>

noticing its motion, he then arnounced that
There were then several months of fruitless attiempts to fit its orbit to

a cometary motion before Lexell suggested that it might te a planet.(7)

}

The advent of radio-astronomy has meant that astronomy is still an
area whére 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 erisis point iﬁ the major theory's ex*sténce.

Closer to the earth's surface, the study of Atmosgheric Electricity,

147]

which had its béginnings in the earliest work on electricity, ha
increasingly felt the benefit of modern electfonics. The increased
sensitivity in measurement techniqﬁes and the development of continuous
recording have begun to cbunteract the difficulty of repfoducing
experimental conditions, which is one of the major preoblems of any applied
discipline whose ultimaté experiments must be under geographical or
atmospheric conditions.

'Tﬂese advances in experimental technique have enabled stucdy in greater
detail and at greater depth than before and this, as might be expected,
has resulted in apparent disagreemgnt in the experimental determination
of variables fundamental to the further advance of the science.

I



The aim of this work is to describe the development of cne such
problem in the field of Atmospheric Electricity and to examine the
postulates on which the matter rests. Specifically the protlem is that

of the measurement of the electrical conduction current to the earth's

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

-major electrical variables of the atmosphere.




- Fine Weather Electrical Phenomena.

The effects of lightning flashes and thunderstormé have been é source
of awe and wondering since the beginning of history. The religious
significance of lightning as theAevidéqce 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 existeﬁce. Indeed the study
of static electricity was attempted by Thales of Hiletus in the 6tﬁ
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 corollary, that electricity exists in the air, should have
existed for many years. WALL(1708) would appear to be the eariiest
investigator.to record this suggestion as a result of his observations.
There werc several subjective accounts éf this comparison but, as has Been
ﬁentioned, it réquired the development of the Leydenvjar and early
electrical machines for the beginning of objective measurements of electric
discharges.

The eérly workers gttempted to prove the presence ofVelectricity in
thunderclouds and perhaps the most well-known of those.engaged in this
someﬁhat hazardous task was FRANKLI&(ﬁ?BO, 1752) who flew a kite with a
conducting string ending on an insulating ribbon. Franklin was actually
forestalled by D'ALIBARD(17§2) who obtained sparks to an earthed wire from
an insulated-iron rod. LEHONNIER(1752), with apparatus similar to
D'Alibard's, first observed that electrical effects could be obtained

.6



ever in fine weather which was nulte unexpected. His apparatus, an early

vassive probe(q.v.) consisted of an.irdn spiked wogdea pole, Trom which
an iron wire was led into # building. This wire{ without mekinz any
otner contacts, ended on a stretched silk fibre. He could obtain sparks
from the electrified iron wire in fine weather and noted fhat rarticles
of dust were attracted to it. He suspected & variation in these fine

4

weather effects with the time of day. BBECCARIA confirmed this in 1775

anc cdetermined that his wire was positively charged in fire weather.
Dii SAUSSURE(1779) was probably the first to discover an anmual variation

in tﬁe‘size of fine weather electrical effects. He develoyped a form of
electrometer and used it in a way that foreran all methods of rezs suring
potential gradient dependent on bound charge. 7 R'HAS(1755>,'using a
kite, found fine weather effects at.a similar time to Lemonuier,

As later workers coantinued their investigations into atmosrheric

A

electricsl effects, they established that the active region of the

atmosphere can at any one time be divided into areas of ciarje generation,

current of positive charge. The current cycle is thus from the thunder-
siorm fop to the electrosphere, from there to a fine weather area, then
to the earth where it is returaned to the thunderstornm bafe. The term,
electrosphere, allows reference to the conducting area of the ionosphere
without reference to the ionosphere's own properties. In the fine weather
arez, it was established thaf the three most important variables were the

potential gradient, the conductlv1tv and the conduction current and it is.

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

L)
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. Potential Gradient,

The definition of the potential dliTe“ePCV betleen two poin ts is that
it is the mechanical work per unit charge necessary to move 2 small positive

charge from one point to another. 1In atmospheric electricity, it is not

possible to find out abkout electricsl conditions outside the electrosphere

and thus there is no means of calculating the work done in oringing a charge
from an infinite distance to earth. Therefore in place of the zero

votentiel of theoretical electrostatics, the potential surface of the earth,
& conductor, is taken as zero and all potentials are measured relative %o

it. This is permissible as all the formulae are concerned with differences

of potential. Trom conductivity measurements at various nel shts, the total

. - . 2 .. : .
columnar resistance of a column of air of im cross-section from tne earth

1

oo :
to the electrosphere has been found to be about 10 7ohms. This means that

—~

the electrosphere is of a wotentisl of about 3.6 x 1057 with respect to the

,~, .

earth, (GISH, 1951), for the resistance of the whole atmosvhere is 20001ms.

The rate of change of potential with distance gives the force acting

[

o

on a caarged body. The direction of the furce is such as fo move &

csitively charged body to a position of lower potential,

- . ' . . -4qv av . C e
Electric Intensity & = et where Iz is the Potentizl Gradient. The

potential gradient and electrical intensitiv are, in this work, largely .

v

) PR

vertical. .The‘éarth's surface is a éonductor so that the potential
gracdient at its surface and close to it nust be vertical. The chiange in
distance dx is thereforé a change in height and is measuvred positively
upwards.

Under normal fine weather conditiocns, the povential V increases with

feight, so that = is positive and thus ¥ negative., To avoid 51ign
dx :

8



coﬁfusion, = g% is used for poténtial gradieﬁt.' F is then positive in
fine weather., Vertical currénts in the atmospﬁer. wiil be taken as
pesitive if bringing a positive.chafge downwards. The ccenduction current
will then be positive in a positive potential zradient.

Measurement of the potential gradient in fine weather at different

hts above the earth's surface has shown that there is little change

in the Tirst few minutes despite the eleztrode effect.(g.v.) %At heights
above approximately 100 metres, the potential gradient shows a prog%essive
decrease with heizht.(CHALMERS - 1057)

[

1.2.2, Conductivity.

Considerable work on the nature Qf atmospheric conductivity has shown
that ions, particles of molecular size or larger, carrying positive or
negative chafges, constantly disappear by combination with ions of the
orposite sign, or are changed into ions of a greater size b+v combination
with uncharged particles. There must therefore be_soﬁe compensatory

ro

g
o

mechanism for the production of ions. Three €s8es have been found

o this mechanism. Jonisation is caused by 1. cosmic

i

to contribute

radiation from the sun, and 3. radiatiocn from the earth and -

rediation, 2.

the atmosphere. The last process is only important ir the area close to

The conductivity of the atmosphere is produced by these ions moving
in the electric field. OHM's_LaW is usually obeyed and the current between.
two points is proportional to the‘potential difference, the ratio being
.the conductivity or the reciprocal of the resistance.
It is more bonvenient to use conduptivities a5 different ions can then

Q




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

If the potential of the electrosphere with respect to the earth is V
‘and the columnar resistance is R, then %— = 1, where i is the conduction
current density. If r is the resistance of the lowest metre of the
column, the potential drop écross this is ¥, the average potential
gradient in the lowest mefre, then F = ir-;Y%; The specific conductivity
“of air >\= %, therefore F = % and the specific conductivity>\1 for
positive ions is>\1 = %1, where i1 is the current'density of positive ions..
Similarly, fér negative ions)\2 = %2. " The specific conductiyity can also,

~be related to mobility and charge, so Xﬁ = n,ev, and>\2 = n,ew,, where

n n., are the numbers of positive and negative ions with mobilities Voo

1 72
v, and charges +e, =-e réspectively.

These formulee can only be used for steady conditions or for changes
. which occur over periods which are iong compared with the relaxation time
of the atmosphere. The relaxation time is a measure'of the rate at whicﬁ
a coadunctor loses charge or the rate at which the electrical conditicns
-in the conductor adjust themselves after a.change.

Large ions, and probably intermediate sized ions, have small mobilities
and their numbers are éeldom greét eﬁough compared with the numbér of.smali
ions for them to play any significahf part in conductiﬁity.

The fine weather conductivity at many places sﬁows a maximum in the
early morning with a fall soon after sunrise; this is probably accounﬁed
for by the formation of misf 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 lead to an increase of large ions and a decrease in the number of
small icns and th a decrecase in conductivity. The yearly variation

therefore shows a maxinunm corductivity in summer and 2 minimum in winter.

Y
[A]

\od

. Conduction Current,

The air-earth conduction current i is related to ithe local potential

. L 7 < - . . . \» 1. ..
gradient F and the local conductivity by i = AF. Tu s holds especially
when F and x are values measured close to the earth's surface. The
potential gradient F at the earth's surface is the most videly measured

. . . . . L . v
electricel variable. However, the conduction current is also i = 7
. . s

where V is the potential difference between the electrosphere and tune earth
and R is the .columnar resistance, It has beconse incresasingly evident that
the value of i is far more fundamental than the value of F, although more-

difficult to obtain. There are two main reasons for assuming this to be

hs earth and the elecirosphere are good conductors

<t

so. Firstly, as both

and the currents within them are small, the potential difference between

M)

them at any instance is almoest exactly the same in all places and locel
difference in the values of il conduction current must then represent
differences in the local columnar resistance. Ths air-earth conduction
current depends on ths tctal columnaf resistance and not directly on the
local conductivity, thus local changes of conductivity aifect the air-earth
currsnt only to the extent to which the ey alter the total cclumnar resistance.
Measurement of potential gradient depends on local variations of the

conductivity and is often of doubtful significance. Secondly, if there

eare no horizontal currents, convection currents or accumulations of charge,

11



“the air-earth current is the same at all levelé. This is.a result of the
quasistatic state.

Although a current is flowing in the atmosphere and &9 the actual
charges do not remein static, in steady conditions, charges wihich have
been moved from é certain reéion are replaced by others moving into the

region with the rssult that at any one instant, the distridbution of

Q]

charge is the =zame., This iz known as the quasistatic .state 2nd it is
o L

[6]

assumed that the lsws of zlectrostatics can still be a

»

=

=

oo

=
[

kpliEd

change in the steady condition occurs, conditions will revert to a new

steady quasistatic state in accordance with the relaxation time.

12




Te5, Methods of Measuring Air-carth Current.

The techniques for measuring the air-carth current can be classified
into two categories; the direct method and the indirect method.

The direct method measures the actual charge reaching a portion of the’
earth's sufface in a given time and should be z direct measure of the
actual air to earth current. The usual form of the apparatus is a large
collecting surface insulated fromvthe ground. To this is attached an
instrument, such as an electromefer or a very sensitive galvanometer,
which 1s used to measure the charge collected in a given time,

The indirect methcd is to measure independently the local conductivity
and the local potential gradient and to take their product as'thé air-earth
conduction current. The local conductivity hés beenrn measured Qith
variants of ﬁhe apparatus used by EBERT(1901) for ion counting and
GERDIEZN(1905) for conductivity. It is bésically a hollow cyliinder
containing a coaxial rod. The rod is connected to some form of measuring
apraratus 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 éir collected by the apparatﬁg vill depend on the potential
gradient, the air~flow and the apparafus dimensions.

The methods of measuring the poténtial gradient can-also be divided
into two types. The first type is to measure the potential difference
between two points at different heights'using a potential egualiser.

.These equaliserﬁ include water_droppefs (KELVIN - 1859 and SIHPSON - 19105,
fuses (VOLTA - 1800), and radioactive sources (SCRASE - 1934, MUHLEISEN "
- 1951, et al).

13



The second method involves measuring the bound charge on a portion

tue earth's surface or an earth connected body. The surface density

e}
[

of charge on a f;at portion of the surface of the earth g = -eOF and
there will bs an exposure factor for an esrt!
ths principle behind the Universal Portable Elsctrometer (WILSON - 1965)
and Tfield machines such as the Agrimeter (RUSSELTVEDT - 1925, CHALHERS

- 19532 ), the Electrostatic Fluxmeter (HATTHIAS -~ 1925) and the Field Mill
(HARNWELL and VAK VOORHIS ~1933, et al). 'The field mill has probably
beén nmost widely used for this purpose. A fixed test plate is connected

to earth throuzn a resistance and capacitance in parallel., A rotating

rom the

[y

[0}
I\
3
[oh
[}
iy
H
[¢)
|_l
o R
n
i
[
w
ct
®
[6)]
ot
o]
}._.l
Q
<t
(]
-ty

earthed cover alternately exios
lines of force andé trne resulting alterasting current to earth-is anmplified,
rectified and measured. Hany designs of fiecld mill have used plates

ting of equal sectors of a circle with a similar set of earthed

sectors rotating above them giving an cutput of approximately triangular

he Tield mill has been discussed by MAPLESON and
WHITLOCK(1955) and itz sensitiviity by DAHL(1951). The outpui of this

instrument is an alternating current proportional to the magnitude of the

purposes therefore it is necessary to arrange a method of deternining
this. The field mill has been developed to be a useful, reliable
instrument, but has the disadvantage for conduction current vork that
it is essentially a point source measurement.

Interest in antennae for the measurement of potential gradient was

revived by CROZIER(1953) with a passive antenna whose sensing unit hed

1L



sufficiently low conductance and capacitance to render the use of
equalisers, the water-droppers, fuses 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 lineé héve been used to measure the
fine weather conduction current at several sites and in various
circumstances. Unfortgnately the results obtained by the indirect and
direct methods do not appear to reach a common coqclusion and theré has
been some discussion as to whether these different methods do in fact
measure the séme things.

It is necessary therefore to study critically the experimgntal techniques
and the theory on which they are based, and further in atmospheric
electrical work, the meteoroclogical and geographical conditions under

which they were applied.



1.4, The Problem.

It is possible for the transfer of charge in.a vertical direction to
be achieved not only by conduction currents, but by convection curreants
in which vertical mofion of ailr containing more ions of ong sign than
the other may occur. Diffusion of ions may also contribute to this
charge transfer., The direct method, as it msasures the actual air-earth
current arriving at a portion of the earti's surface,will measure,fhe
summation of these currents. The indirect method, measuring only local
conductivity and potential gradient, will give only the ccnduction
current.

The local conductivity that must be used in the indirect method is
the sum of the conductivities of both.xq +>\2 because at a height of one
metre both signs play & nearly equal part. <Close to the earth's suriace,
in a normal fine weather field, the current can only be carried bj
positive ions, so while at one metre, it is i = FO\,l ; Xa),Aclose to
ground level, it must be 1 = F‘X, . Heasurements.have shown that T does

g1s
not vary near the earth's surface and that F and FG are very similar
g

which was contrary te the predictions .of the simple elecfrode efrect.

Eafly measurenents of the air-eazrth current by tne twc methods
appeared to indicate that the indirect method gave a value twice as large
as the-diréct metAOd; as would be expscted if %the conductivities of
either sign were of egual magnitude and héight and if convection currents
such as péstulated»by WHIPPLE(1932) occurred.

However, the NOLANS(1937) and NOLAH(1940) made simultaneous
measurements of the air-sarth current by both methods and found the

16




'cénductivity measured indirectly exceeded that measured directly by

only 10 per cent., With F constant with height,'this indicated that
,X1 + >2 was‘equal to )ﬁg and thus >ﬁ must vary with height, a result
found by HOGG(1939),

KRAAKEVIK and CLARK(1958)lmeasured the votential gradiert and the
conductivity from airéraft 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 possible therefore that the
10 per cent difference found by the HNolsns is not a local deviation,
but has a real significance. LAW(19%53) implied the existence of a
convectioﬁ current comparable with the conduction current, from his
recults at Cambridgé.

Of these results, those of Hogy are probably the most significant
because his éite most nearly approached that acceptable>to theory, but
it is necessary to resolve these differences and to establisn the real
role, if»any, of convection currents, It will be uss
examine the reguirements of an ideal site snd then procezd from there

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

theoretical ideal.
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SHTAL STTE

Ihe study of fine weather phenomenz is necessarily governed by

atmospheric gonditions and the experimenter has not only littls control
over nis experimentél concditions, but until the development of airborne
measurements during tne second world war, was in the position of examining
the behaviour of his system by effectively studying cne ‘'electrode! and
its immediate surroundings. The model adopted for the systen is one of
classical electrostatics, as can be seen from the definiticn of the three
mzjor variables in the previous chepter, but, in practice, there will be
deviations from the simple model end for these, there nmust be zome form

of compensation. It will be useTul to consider these deviations iﬁ terns
of an actual experimental site, that of the Ohservatory site of Durham

L 25 L4 -~
cy wnich is si

Universi iest of Durham City, 0.75km. Horth of

the Laboratories ard 120 metre:z above sea level.
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2.7, Compensation.

Ip the equivalent circuit of the atmosphere sketched on ».7., the
earth is acting as a conductor, transierring 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 arriving on the
earth's surface in a direction at right angles to the local plane of that
“surface. Thus lines of equipotential will lie parallel to the earih's
surface. Should the surface not -be plane, but have on it such earthed
conductors as houses or trees, this will disturb the density of the lines
of Torce and alter the levels of eguipotential. Any neasursment 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 aporeciable area or length must still be
parallel fo this plane, if it is to cause minimal disturbaﬁce to its
sufrdundings. | R

An example of this can be seen (Plate 1. and Fig.‘1.} at the
Observat;ry site where the slope of the available site was 1 in 12. An
incidental effect of this is.that any frame for a plate tyve collector
must be designed to minimise s£ressing on any insulating maéerial that
may show pieio-electric effects, In Plate 1., it can be seen that the
nearness of hedge and tree to the experimental area will censtitute
disturbances to 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 disturbance it creates. BERNDORF(1905) considered
the matter theoretically and found that a vertical conducting post 1cm.
high nas less than 1 per cent effect on the potentiazl mezsured 1m. from

the ground 2m. away. This gives the order of separation re:ulred between
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such apparatus if compensation is nezlected. ARNOLD ot 21{195

considered the reduction effects of nearby trees both thecretically and
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prectically. In practice, it is simvler to comvedse for the
factor produced by apparatus, because of the complex. shape of the equipment.
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This is done by measuring the potenti

o

or current measuring device, and a»plying a potenitial derived “irom that

‘i

measurement to the device, thus mainteaining it es close as poscible to the

1

rotential of its surroundings. When measuring the fine weathér current by
thé direct method there is a further compensation required, for a change of
potential gradient during the time of exposure of the collecting surface
produces an effect known as the disrplacement current,.

4 . 4 . By . .-‘ - .
The change in potential gradient produces a change in the bhound charge

on the collector. For a unit area of the collector, the surface charge
ar 149 49

- _ - o 4_‘.,_ o - o3 3 Ly k oy .
Q= EBF. A change of potential gradient with time i < TZo a3t is

is not directly distinguishable from the true conduction current.’

If the true conduction current is of the order of 2 x 10;12A/m2, an

alteration in potential gradient of 300 V/m in an hour will fhen give a
. -12 2
displacement current of 0.74 x 107 '“A/m .
Unlesc compensation is made for this displacement current, instantaneous
measurement is not likely to give an accurate answer for the conduction

.current and long exposure times must be used to average this
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Z el e The Electrode Effect.

If the earth's surface is considered to be one electrode in the systen
thén the experiments will be carried out in 2 volumas of zir tounded at one
end by a negative e2lectrode and extending into the central rerion., Positive
iong can enter this volume from the central- rezion and leave it via the

negative electrode but no negative ious can enter the s
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ars produced at the negetive slectrode. In tne imple mod
20 and th@ volune under consideration becomes depleted in negative ions
his space cherzs will increase

and must acquire a positive space charge.

near tre centre

the potential gradient near the electrode and decrease i

g-sections. Thas potential
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until the same current flows through all c

distribution will, however, no lonzer be uniform.
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This is known as the Electrods Effect ard in a simple form would chow

itself in a space charge near the earih and a potentiel gradisnt at a
neizht of a few metres, which is appreciably less then that close to the

Hoewever, it is found thrat, in very many observation “here 135 only a
small difference in the potential zradient at the height of one metre and

tiaat clese to the ground, and so the slectrode effect ig not found in a

1.

simple form. It hac been reported to exist for the conditions of the

Greenland ice cap.(PLUVINAGE and STAHL - 1955, RUHNKE -~ 1962) and in the

centre of large lakes (MUHLEISEN - 1251), and very still night air.(CROZIER
- 19532, 1955). An account for these results-is obviocusly pertinent to the

understanding of the nondltlons of conductivity and potential gradient and
ience to the importance to anomalous results for the fine wsather conduction
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curfent by the direct and indirect methods. Attempts have been made to
provide explanations, although these have been hamperéd 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(1965). These have shown that a
decrease of some 30 pér cent between the earth's surface and 1m. above it
should have been expected.

_WHIPPLE(1932) suggested that as the air near the earth's surfa?é'is not
still, a process of eddy diffusion could carry positive charge upwards and
thet this woﬁld avoid the discrepancy between the simple electirode effect
theory and expérimental results.

CHALMERS(1946) showed that a qﬁasistatic state with little alteration
of ﬁotential gradient with height could be aéhieved with.a suitable form
of variation of the rate of ionization with height and suggested that this
variation- coudd. be causéd by radioactive materialéd in the top soil. This
would be supporfed by the tendency for the electrode effect to be found in.
areas such as ice céps and the effect of radioactivity at the surface would
be recduced.

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

of the electrode effect.

22



Ead

sment of an exyerimental site

10}

- Another major consideration in ths &sse
is the degree cof pollution to which it is subjected and the rssultant

considerztions of space charge on the modsl,

WJuite spart from obviocus pollution of the atmosphere b industrial
and household effluen to, appreciable pollution can be caused by road

vehicle and railway locomotive exhausts, By the term wollution is neant
the alteration of the existing btalance of ion production ari ramoval by
ions from an external gensrator.

Thé fact that the exhaust of a steam locomotive always zeve rise to

a positive space charsze was noticed by KELVIN{16&

nozitive space charges to be 21so produced by diesel exnginec and other

burning processss, Nezative space produced from chemical
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plant and gasworks., WIEITLOCK and CHALKERS(1955) found that these space

lonmer visible. BRASEFIELD(1G52) found effecte from the exhaust of road
traffic, CHALMERS(19%2) found negative potential gradients on the lee

side of high tension cables under conditions of mist and foz. BENT and

HUTCEINSON (194 1 places dowrn-wind, where the 2ist had
evaporated, ithe negative space charze still versisted in
MUHLEISEN(195%) observed in fine weather positive space crarzes from

cables whose diameters were too smzll to te suitable for the voltage

carried. Thue local cenditions will play a large part ixn the amount of
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potential gradient due to this have often been found in finevweather
condifions, particularly in or near large towns.

As the indirect method of measuring the air-earth current measures
local cqnductivity and local rotential gradient, it is important to
assess the degres of pollution at an experimental site before comparing
thg results with those obtainé& at a differing site.

The Durkan Observatory site has become less tenable as a site, as
pollution from road traffic on a major trunk road and its exit road'in

urham has increased. These roads pass within Zkm. to windward of the
site. A main railway line is cnly ¢km. from the site also in the
direction of the»prevaiiing wind and high tension electricity pylons pass

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

[

There are other more minor points that the nature of the experimental
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

4

and direct methods at

jo N
Ity

ifferent holoiits close to the earth's suriace, a
form of consistent base level is required.

It is a.great advantage to have an artificially rrepared part of fhe
'earth's' surface, even if it does not coﬂtain beneath it an underground
recording room such as the one at Kew.(HOGG‘— 1959).' It may be that time
and expense are against this and it is true that it‘would no longer be a
tnatural' surface in terms of radioactive content or even thermal
radiation, should the local effect of convection be‘considered. As the
indirect method is essentially a 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 1m. across and thus a suitable
experimental site may be approximately 10m. sguare, especiaily if ccmparison
is to be made between the two methods'on the csame site. A 'natural' grass
suirface regularly cut by a mower with blades of a fixed héight may be the
only practical.form. In this case, the environmeant is preserved, but :the
accuracy of positioning is reduced .

In any investigation in atmospheric electricity, extreme care must be
taken with the insﬁlation. For fine weather measﬁrement, the arrangements
required to protect the insulators from the rain and to keep them free f;om
condensation by warming with heating coils arc less stringent as the apparatus
will not be running undér wet conditions. However, the values of the
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parameters'measured are generally'smaller so the measuring instruments
havg to be more sensitive, If the measurement involves ‘the collection
of a charge, there is a leakage which takes place with a time constant
C.R., where C is the capacity of the collector ang R, the leakage
resistance to eartﬁ. The coliection of the charge is usually expressed
as a voltage V = Q/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 leakage and the.
capacitance of the cables connecting the measuring apparatus to the
recording devices. DBesides piezo-electric strain on the insulators and
cable, difficulties-are experienced with condensation, dust driven up on
to léw insulators by rain splashes.and spiders' webs, so a careful choice
of insulating and cleaning procedures nust Ee adopted. There are also
hazards specific to the site which have nuisance value. For instance,
at 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 apparacus
as the initial water-proofing of the concrete was not adequate. In this
czse the slope of the site was an adventage as it simplified the
construction of drainage sumps.

The other perennial problems with outdoor equipment are earth

connections and contact potentials. Different earth connections may be

at different potentials because of earth currenﬁs er electrolytic efiects
and induced currents must be avoided. Contact potentials between
different metals or the same metals with differing surface conditions
caused by oxidation may be of the order of volts which will give eTfects
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compérable with the natural fine weather potential gradients.

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

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

361 Previous Experiments using Direct leasurement lMethods.

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

WILSON(1906) had his test vlate connected to a'géld leaf electrometer,
Surrounding fhe test plate was a guard ring connectéd to the system.'
through a compensating condenser. The electrometer was brought to the
zero positiorn with an earthed cover placed over the test plate. The
cover was removed and the compensator adjusted to keep the electrometer
in i1ts zero position. After a giveh time interval, the cover was replaced
and the compensator again adjusted to give zero deflection of the
electrometer. The difference in compensator positions. gave a measure of
the charge on the plate when it was exposed. If the compensating condenser
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(1916) automatically
adjusted the potential of the .plate to that of the earti. - Wilson made'
measurements at 60, 90 and 130cms. from the ground but made no attempt tql
determine any relationship between the values at these heighés. As the
test plate has to be covered and uncovered and the readings have to be
taken visually, these methods are not readily adépted to continuous
recording of the air-earth current. However; the covering of the test
plate in this manner means that no compensation for the effect of potential
gradient changes is needed‘as there is no bound charge at the beginning

and the end of the observatione.
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If Wilson's method is used'withoﬁt the compensating condenser,
removal of the cover would bring the platé to a potential conéiderably
different from that of earth. SHITH(1956) found that there appeared to
be no current at all if this was done and a measuring instrument of
small ca@acity was used. Wheﬁ the cbver is removed, the plate acqﬁires
a charge -AEéF on its upper side. The corresponding charge +AebF 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 time and there will be zero nét current.

A recent modification of Wilson's apparatus was used bty COBS and
PHILLIPS(1962). They used 6 symmetrically disposed circular plates
nounted on a rotating table. A circular sector was fixed over the table.
On entering the shielded area, the net charge on the plate was due to
conduction alone. 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 time constant of the
neasuring system. After correction for the current from the lower plate
surface dﬁe to the capacitance of that surface and conduétivity close to
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 valﬁe of the air-earth current nct being estéblished closer than
an error of 10 per cent.

SIMPSON(1910) designed a 17m2 collector for a hill site in Ihdia.
Because of its size and construction the'height could not be altered, so
it was built in the planes of the earth and attached to it was a water=
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dropper which kept 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 drops were
collected in an insulated collector attached to an electrometer.. The
electrometer deflection was registered every 2 minutes and thus thé
air-earth current could be continuously recorded. The potential gradient
was measured on a second electrometer and theoretical correcticns for the
displacement current made. This form of correction was suitable fo;.
Simpson as he was interested in ﬁhe daily variations in the air-earth
current rather than instantaneous relationships.

CHALMERS and LITTLE(1947) used an exposed plate connected to a %MF
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 readings
are npt very valuable because no correction was made for fluctuations of
potential gradient. This error was reduced by averaging over long periods.

(1956) used a similar method with a valve electrometer. 1In this

z

3]

CHALMER
work compensation was provided by simultaneous measuremenés of the
potential gradient as in Simpson's method.

SCRASE(1933) attempted to overcome displacement current difficulties
and to record.continuously, by connecting one pair of ﬁuadrants of &
quadrant~electrometer through a cépacitor to a rédio—active equaliser,
whichh recorded the potential gradient, and the other pzir of quadrants to
the current collector.

S0, whereas the normal use of the quadrant electrometgr requires one
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pair of quadrants connected to the current source and the other pair
earthed, here neither »pair of quadrants were earthed.(Fig. 2.)

Wihen both.pairs of gquadrants were earthédsand then released, one set
received the charge from the ¢ollector, that is the sum of tihe conduction
and displacement currents. Simultaneocusly 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 these changes in potential gradient to affect bofﬁ
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 therefore
introduced a wire mesh connected to the equaliser and pléced over the
collector at a height such that the potential gradient over the plate was
always that recorded by the equaliser but any rapid fluctuations bf the
potential were smoothed out. The guadrants 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 each 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 system was large cenough 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 slightly different from that which would
have occurred in the absence of the wire net and under these
circumstances the current measured is not quite the natgral current to

1
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an area oi the earth but is really a measure of the unipolar conductivity
of the air betveen the wire net and the plate.

The apparatus had the advantage that the collector can be placed some
distance from the electrometers and it.really only failed because ol the
slowbresponse of the poloniuﬁ equaliser. If this was replsced by a field
measuring device with a more rapid response, greater success shculd be |

achieved by this method. Suggestions were made to this effect by GOTO
(1951) and CHALHERS(19535L Chalmers, using an agrimeter, found that the
4oﬁtput from this instrument was not steady enough to provide the solution.
ADAKSON and CHALHERS(1956)~suggested.a field mill. ADAHSCE(1960)
develoved Scrase's apparatus using a field mill and a differential ampli-
fier in which the sum of the air-earth and displacement currents was
neasured at oneterminal of the amplifier and the field mill provided
avtomatic and continuous compensation for the displacement current at thé
other terminal,

By increasing the time constant of a system similar to that of Scrase;.
MUHLEISEN(1953) avoided Scrasefs difficulties. But the increased time
constant meant a greater averaging effect on short fluctuations of the
variables measured. KASEMIR(1951) produced for expedition 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 tﬁrough an electrometer valve and recorded on a $ix channgl
recorder. The potential gradienf wvas simultanebusly recorded using a
radio-acti%e.equaliser. The critical point in operation is the mainten
-ance of the high insulation. The long time constent was used to even
out the effect of poteﬁtial gradient change.
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In his second method, KASEMIR(1955) attempted to eliminate the effect
of potential gradient changes (Fig. 3.). He considered the air=-earth
current being collected by a plate exposed to the air. The current flowed
through a calibrated rcsistance to earth and the voltage drop across the
resistance was measured. The total current from the collector was
s £ 4di o . . \ .

ii + ASo =+ where A was the surface area of the collector; i, the air

>q dt, .
-ecarth current density and Aégi/\q’ the surface density of the bound
. /

He.

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

v ; .
then the current I through R was =; there was a charge 4@ on the capacitor

R’
s ;s . dj5 av
C such that @ = CV and, if V altered, there was a current ?f = CEE
. (oS
' d9
through C. The total current from the collector was thcn I - %é =
d
dI o ' N - s
T + LA, Since no charge accumulated on the collector apart From the
. di ar - R - .
bound charge then Ai + AX 3t ° I+ URE— « If R and C were chosen so0 that
1 v
RC = EE/X1,then I was equal to Al and the current through R would be

equal to the air-earth current to the collector without the need for
vorrection for the displacement current. This amounts to matching the
tine constant of the collector circuit to the relaxauion‘time of the
lower étmoSphere. In pra ctlce\\ is not constant and so RC would need
continual adjustment for complete matching

ISRAEL(1955) discusses the assumption of the method that any change
in potential gradient is accompanied by a change in air-earth current the

conductivity remaining constant. A change of conductivity giving a change

in potential gradient would appear as an air-gorth current.



RUHNKE(1961) also discusses the errors of incorrect matching.
CEALMERS(1962) used a modification of Wilson's mefhod with charge
measured by an electronic amplifier. His results showed that the
assumption of constant conductivity required by Kasenir's maﬁching circuit
was not correct. e measured separafely the chafges-from the plate on
uncovering, during collecticn and on covering and in this form his
apparatus was notAcontinuously recording. GOTO(1957) adépted Wilson's
method to record continuously by having‘three plates rotating beneafﬁ a
hole in an earthed cover. Each plate wés earthed when shielded from the
field, exposed and then shielded again. The net charge acquired by the
electrometer is that from the air-earth current. When the glate lecaves
the shielded region it acquires a potential different from thét of the
earth and therefore distorts the lines of force and the current flow.
Wilson avoided this by use bf a variable éompensafing condenser, but to
compenséte automatically Goto used a fixed condenser with aAvariable

potential suitagly derived from & walter-dropper or an inverted field
machine.

If Goto's apparatus was similar in operation to an agrimeter, VON
KILINSKI's(1952, 1958) method used the principle of the field mill to
avoid direct cufrent amplification. The current from tine 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 displacément current if fhe output of a field

machine was donnected through a condénser to it in place of the fixed

potential.

Below the two stationary vanes are rotating sectors alternately
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exposing and shieldingAa second plate -from the potentials on the stationary
vanes. The alternating signal from the second plate is anplified and
rectified.. In the later paper he provided a matching circuit in place of
the capacitor used to minimise displacement current efifects and had the
'collector plate slowly rotating to bfeak spiders' webs. To avoid the
problem of the electrode effect and-to investigate more fully the presence
of convection currents, DOLEZALEK(1960) and ISRAEL and DOLEZALEK(1960)
suggested a direct method of measurement using a surface 2 or Bmetréé
above the ground and maintained at the natural potential of the atmosphere
rather than ﬁsing a ground reference. They suggested a metal net which
would not interfgre with the natural motion of the atmosphere. CHALMERS
(1962) showed that, although this method would be of use in measuring the
convection current, it would not directly measure the conduction current
as outside the region of the electrode effect the downward part of the
conduction current consisting of positive ions would be nearly equal to
the upward part.carried by the negatives and the total current to the net
would be hea}ly Zero.

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

If the potential of the wire is V and its capacitanée/unit length is
C, then the charge/unit length is Q such that V % % = 0. Q will not be
evénly distributed but there will be no positive charges aé they involve
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a difference of potential along the Qire.

If there is a charge dQ/unit area, then thé potential gradient at the
surfaqe of the wire =—dQA50.' If the conductivity due.to ions opposite
in sign to the charge Q is>\, the current to the unit area is di = —AdQA;O;
Wnhen integrated for the whole vire, i = -qug() = >CVA50 as V is the
potential at 1m. V gives the potential gradient Fav' over the first me?re
‘and 1 measures a mqltiplé of Fav’ wvhich is only the unipolar conduction
current at Im. if the potential gradient remains constant over the'fifst
nmetre. Convection current effects are not included and so the method is
more of the ipdirect type than the direct type. >\can be found from the
measuremept of Fav' and xFav'

KASEMIR(1950) adapted this method for balloon radiosonde work as only
potential gradient and conductifity 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 en a nylen cord an antennaiwhich was
connected via a three-channel matching circuit to an electrometer. The
second channel of the matching circuit was connected to a lower antenna
held in place relative to the balloon by an inverted parichuie. The third
channel was used for zero. The upper antenna collected positive charge,
the lower negative charge, but the system suffered from thehfact that it
vas measuring NF and not the total vertical current and from the difficulty
of matching at different levels in the atmosphere, especially in the
region of austausch (cff 3¢24)

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

Kasemir and Ruhnke, CHALMERS(1962) suggests a further modification of
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Wilson's method which will be considered in section 3.3.
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Dela Previous FExperiments using the Indirect Measurément iethods,

The method and the techniques svailable have been described briefly
in section 1.3. There have been three main variants of the conductivity
neasuring device - those of GER EN(1905), SCHERING(190%) and HOLAN and
KOLAN(1937)., The gensral theory for a cylindrical condenser instrument
of this type (Fig.h,) with a tube radius of a.-and a central wire radius
of b when a potetnial V is apnlied and air drawn through at a velocity U
15 as shown,

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

v

Fina ey An ion of mobility w at the outer wall will move a radial

distance 4r in a time dt, where dt = ;*. ——v&-4 and integrating over
o] -3
ek z
, . . . (a -b") 1n(a/b) .
the distance from thes outer to inner cylinder t = > eyl During
. o YA

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

ok

his distance 1s less than L, tne length of the irner wire, then thes whole

1

[97]

- . . . . . L o S
© the moving ions will be collected, 1.e. U<< T I U is much larger

]

L . . . . . . -
than T then only a fraction of the ions will reach the irnnsr cylinder,

In a similar manner, if the central wire is a distance S from the
« i LR oot ! T S 111 3 s
entry point of the apparatus then only when U T will tZie ions reach

the wire and Ohm's Law hold,
The number of ions under this condition which will then reach the

in unit times will be that number in radius R where

[

central wivr

o] o] N
T(R“=-b")1n(a/b) = 2wVL. If there are n, ions per unit velume of umobility
. . 2n 2 V1 2AVL
W then the current at the central cylinder 1 = -2 7 o —
1! . v ] bj 1n a?bi

from wnich kq can be found as can Xa, if the potential is reversed.
Gerdien's original method was to chargze the central electrode to a
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potential V1 with the outer electrode earthed and thern find the potential

\
. s : \ €
v, after a time t, such that /, = To ln, %1.
> . £ >

HOLAKN(1940) altered the potential of the outer cylinder in such a
way 28 to‘keep the central wire at a constant potential, thus making the
system a null method and removing the effect of stray capacities on the
above system,

SCHERING(1905) used the relaxation time for a charjed conductor as
e £/

-d [ = 348
2 o’ 2

)
oo

s e o s . e
a method of finding the conductivity as Ly = E%/)qv

=

under conditions in which Ohnm's Law holds. It is difficult to ensure
that Ohm's Law does hold because of induced charges which vary as the
potential varies. These he a%oided by putting the wire in 2 large
earthed cage. If this is done then care must be taken not to enclosc
fhe conductor totally and give conditions of saturation rather than Ohm's
Law and to avoid the earthed screen from collecting induced charges
which may affect ions approaching the conductor., To prevent this, the
whole is placed beneath trees or a roof.

HOLAK and NOLAN(1937) obtained ) from >ﬂ = njew, by a -combination

1

o

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

cylinders, one of which collected all the iocns of mohility above a

certain value giving N8 To the other, smaller potentials vere applied

in succession and the slope of the resulting current vs potential curves
N | _

gave A, = n,ev,. By division, v, was obtained which is a mere reliable

value than that obtained by other methods. The value of nge vas then

obtained from a standard Ebert ion counter and Xq recalculated more

accurately.

liodern practice is typified by the apparatus of HIGAZI and CHALMERS
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(1966) which consisted of Gerdien tubes with constant applied potentials,

the current being measured by vibrating reed electrométers. The tubes

are maintained at the potential of their surfoundings by a'%ervopotentiomete;
driven by the amplified and rectified output of a field mill.(Fig.4.). The
design of conductivity meters, like the design of field mills, can then

be considered to have reached a reasonably satisfactory state in that
standardised instruments can be produced and used in a Qay which will

enable the experimenter to distinguish the variations of the system.which

he is meaguring from the effects of the system on his apparatus.

As the effect of space charge, the unbalanced chérge present in a
volﬁme of air, appears to be important to the consideration of direct and
indirect methods of air-earth current it will not be out of élace to
consider Eriefly 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.

5. Poisson's Law is used to deduce space charge from changes in
votential gradient with height.

L. Collection by eieutfostatic means}lion counters to which fields
of either sign are applied alternately or simultaneously. .

A fuli description of these methods was given by VONNEGUT and MOORE(1958)
who develoﬁed apparatus of type 1. and suggested“the use of apparatus of
type 2. with glass wcol filters to collect the total space 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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thoroughly through ths region. The helight
the level of temperature inversion and SAGALYN and FAUCHER (135%4) found
a very distinct increase in positive conductiviiy as well as changes in

temperature, humidity and large 1lon content in passing through the upper
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HIGAZI and CHALMERS(1966) found evidence of the effect of turbulence
and.wind speed on the ratios of the conrcductivities at-and close to ground
level, s0 it is apparent that turbulent mixing must be considered anocher
'boundary{ efiect to add to the electrode effect when the conduction current
is measured close to the earth's suriace.

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

lieasurement of the indirect method involves meaéuring the votential
gradient és well as the conductivity and because 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 symmetrical.
with respect.tc a horizontal plane, thén the sum of the charges and hence
the Sﬁm of the outbuts of the machines will be proportional to the
potential difference between the cases and their surroundings and the
difference of outputs will be proportional to the actual potential graaient.

GUHﬁ et al(1945), GUNN(19§8) and GISH and WAIT(1950) used two separate
field machines above and below the wings. Others, JONES et 21(1959),
CURRIE and KREIELSHEIMER(1960), KOBAYASKland 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

compornents of the potential gradient.
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With balloons and gliders, where the speed of movement is less than
fof aircraft, the self charge has sometimes been neutralised by waters
droppers - e.g. LINKE(190L4), LEC (19»8)

With a douBle field mill, the potential gradient can be separated,
but the apparatus will still distort lines of force and, where oiher
arparatus is close, this may be important. SHIDDY and CHALKERS(1 958)
minimised the distortion by designing a servo-mechanism to reduce the
sum of the outputs to zero and thus bring the machine to the potential
of its surroundings.

WILDHAN(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 éovering and
uncovering two sets of insulated studs giving two separate signals with

different dependence on potential gradient and conduction current, allowing

these two effects to be distinguished.



BT Discuysgsion of Further FExperimental Desisgns.

CHALMERS(1252) showéd that the attempts of Israel and Dolezalek arnd
of Kasemir and Ruhnke to aveid the electrode effect and to measure
direcctly the coﬁduction current ai another level other than trhat of

ground were not iruly msasuring conduction current. Chalmers suggested

en alternative method btased on Wilson's =zmparatus. UILSOK(1903) measured
the air-earth current directly with a large collecting plate rlaced in

the plane of the earth and eliminated the displacenment current by

Chalmers suggested fTwo horizorntal plates separated by & thin layer of
inzulating material, placasd in thae plane, but zhove the 1 1 of the

to which the system was affected by convection currents

[n
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would deypend on the size of the collectiny plates., The n=zthod o
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simultaneously, and
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response time, so that the system could reco
compensation for the displacemenl current should be based on halancing

the change in the bound charge on tiae collector surface by the use of

g
capacitors. Obv1ou“+j 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 suggestions of Chelmers
in practice and the description of this attempt will be a convenient
iramework for discussion of further experimental points.

The current collector consisted of two circular plates of aluminium
separated by an insulating sheet of perspex approximately 6mm. thick
bolted toéether by nylon nuts and bolts set in perspex insulating collars.
The 'sandwich' was mounted on four wooden posts by means of perspei
insulators. The posts dropped info brass tubes completely éﬁnk in the
ground and held relative to one another by a metal X-piece also below
ground. The height of theAplate'could be altered bty adding or removing
wood blocks of appropriate size into the brass tubes.

The collector is an unshielded collector and therefofe 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
conpromise between obtaining the largest possible signal from the rlate
and the ease with which the piate can be moved from one height to another.
An area of 1 sguare metre was chosen. This simplifies the current density
calculations and means the mecsuring instrument attached-to the plate must
be capable of measuring 2 x 10_12amps. The other factors influencing
size are the degree of rigidity required and the number of supportis allowed.

To minimise piezo-electric effects in fhe insulating layer and also
to ensure that the plate is truly in the plan; of the earth's surface, the
plate must be as rigid as possible. To minimise distortion to the ;ines
of force, the number of supports must be thelminimum vermissible.

Wood was chosen for the supworts as, although not an exceptional










insulafor, the leakage of charge would»be small, and yet, bécause of the
sliéht concuctivity, the charge they hold wquld be sméll and so the
distortion they cause will also be sméll.

The insulators Qere not heated, although this can be done by using
heater coils wound on the insulator supports, since for fine weather work,
the collector is not used in conditions of dampness and the warmth of the
heater attracts spiders. When not in use and in rain; the rlate was covered
by waternroof canvas guyed down. This protected the upper plate, Sut
rain splashes from the ground reached the lower pla?e even Qhen at 50cme
above the ground.

It'was found difficult to prevent piezo-electric effect; aﬂd leékage
between the plates with only 6mm. gap and plate 2. shows the éolléctor
rebuilt with 2.5cm. P.T.F.E. pillars between the upper and lower vplates
with aluminium cross braces on inwvard facing sides of the sandwick.

This is less acceptable theoretically, as the upper and lowgr plates are
now so far separate that they no longer remain at the same height. But
the plates must still be kept at the séme potential or thefe will be a
conduction current between then.

This form of collector was chosen to be as simple as‘possible and to
allow a natural grass earth surface to be below it.

It would appear necessary, however, that the collector plate should
be properly engineered, 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 (1962). Heasurement of the charge
collected by the vlate can be mgde by an electrometer, by discharge

16



COLLECTOE ' ' A [
- Lo~

Lamp

P Prism on Rotating Table
2.)

; Resistance Boxes
R
2
G1 Primary Galvanometer
G, Secondary Galvanometer
o

~

Fig, S. The Photocell Galvanometer Amplifier



through a ballistic galvanometer or by direct current amplification.

CHALMERS and LITTLE(1947) obtained results for fine weather
conduction current using'a hiéhly sensitive ballistic galvanometer. Use
of a ballistic gelvanometer means that recording must be seguentiazl rather
than truly continucus and in an attempt to reduce the time between
discharzes a phétocell amplifier based on the design in referénce(11) vas
constructed(Fig.B). A lamp was mounted so tiat its beam was reflected
by the primary galvanometer to the apex of a right angled prism. The
beanm ié divided by the prism on to two 90CV photccells choéen for their
large surface area. The photocells were part of a balance circuit and a
secondary galvanometer indicated the cut-of-balance throw of the circuit.
The prism waé ncunted on a turn table to increase the degreé of adjustment.
The hecessary sequentizl operations can be achisved automatically by
various methods. A system of polarised relays and a Thorn rotary stepping .
relay operated by a cam from a synchronous motor was found most reliable
(Plate 3.), although a pulse timer such as the cold—cathodeAvalve cirqgit
of BRITEC Ltd.(8) is more sophisticated.

The drawback tc all photocell amplification hethods of the type used
is that the noise level of the primary salvanometer is amplified with the
sizgnal and if the signéls are close to the limit of sensitivity of the
gelvanometer then they are no more easily separated than before.

As an alternative to galvapometer measurement a D.C. amplifier using
an inverted triode after the fashion of Rowson et al (9) (10) can be
tuilt, 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(1955) used a valve
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electrometer and a miniature electrometer valve circuit was used by
CROZIER(1963). IMIANITOV(1958) has made a survey of such electronic methods.

Perhaps the ﬁost common form of eléctrométer éircuit is the vibrating
reed 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 potential but the potential of
the collector plates' surroundings and it wss considered that this would
aifect its stability too drastically. It had, however, the correct’

: ~1L

sensitivity(3 x 10 amps. Tull scale) and preliminary experiments
indicated that it operated successfully at a potentiél of 100 volts above
that of earth and tnat when this potential was chanzed rapidly, the
disturbance caused was negligible. The head units of *wo Ekco Vibrating
reed electrometers vere therefore attached to the ccllector, one to each

o bte insulated from the suprorts but to minimise

o

rlate in such & way as
distortion(Plate 2.). The measuring units were likewise insulated, so0
that the system could be maintained at a potential close to that of tre
collector!s surroundings. Their initial performence in the open suggested

that the collector plate sandwich, as originally built, generated relatively
large piezo-electiric charges.

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

As origimally constructed, the continuous balance unit of the recocrder
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compares, by a potentibmetric method, an input e.m.f.,generated by a
thermocouple or similar DC source,with an e.m.fs of known value supplied
by the instrument. Any difference between tﬁe voltage of the thermocouple
and that of the potentidmeter slide is converted into AC by a viorating
reed and then in power giviﬁg a final output which actuates a servo
motor. The servo motor drives the slide to the correct potential(Fig.6 ).

For the balancing system to be of use in the provision of voltages
eguivalent to the potentigl in the ztmosphere, the voltage across tle
slide wire must be several hundred times that originally suvnplied. The
original slide wire must therefore be replaced by = éomposite resistance
constructed on a tufnol strip. This composite resistance consisted of

' 1 n .
101 10BA bolts separated from each other by a Fn gar, the potenticmeter
slide moving over the bolt heads. To the reverse side of the btolts, a
hundred 10K ohm 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 coincidence with zero and maximum
voltage.

HIGAZI and CHALMERS(1965) have described the use of this system to
maintain conductivity meters et the potential of their surroundings. The
output of a conventional single field mill get up in a pit a few metres
irom 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 and WHITLOCK, 1955; ADAMSOH, 1950;
HMALAN and SCHONLAKD, 1950; COLLIN, 1962 etc.)

Higazi and Chalmers avoided the need for sign discrimination by

I 9



permanently displacing the zero by a small charged plate near 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 uniform

E-2
i

and thus almost fres ace charge. In their case, measurement
of space charge(BENT and HUTCHINSOM, 1954) 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 applied to
the Honeywell recorder.

Some work was done on a similar system and the p iple could be
applied to any field machine with o sufficiently ravid response time,
There are disadvantages about vsing a field mill for the measurement o7f
the potential gradient when the measurement is to be related to the
sizeable area of a direct method current pollectcr. The field mill
is essentielly a point measurement and, if positioned at any level

above ground level, requires a reduction factor to compensate for the
distortion it causes. The ﬁollcaolon of CROZIER's(1963) description
of a passive antenna or passive probe offers the advantage'of
1. a voltage output eguivalent 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 feasibiliy of several antennae, free from mutual interference,

vertically above each other and at els between the ground and 1p,

DOLEZALEK(1963) said that convection currents would charge it like raindrors,

The principle of the passive probe is very old and wes used by
LENONNIER(1752) in some Qf the earliest mcasurements of fine weather

phenonena.
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A stretched insulated wire or probe acquires the potential of its
surroundings because_of the conductivity of the air but this is a slow
process as to rémove a difference in poténtial, charge of one sign must
be carried to the wire or charge of the other sign removed. This orocess
can be speeded up by either iopizing the surrounding air or carfying
particles away from the collector. The latter was implemented by VCLTA
(1300) using a fuse and by KELVIN(1859) using a water-dropper.

The ionization of the surrounding air can be achievgd by using a
radio-active source; the most common being polonium, an® ~source. As
these 'loaded' probes were faster in response and tﬁus more suitatle for
continuous recording, they became more highly developed than the
'unloaded' or passive probes. It is only recently that the measuring
techniques designed for loaded probes have been 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 ana the earth's
surface. If there is a leakage path to earth from the probe, then the
antenna will not cbme to the potential of its surroundings and it would
be unlikely that any lealk would remain constant.

The first attempt to prevent such leakeage was whecn GISH and SHERMAK
(1929) surrounded the insulator of their apparatus with metai connected
to a potentibmeter and maintained at the potentizl of the apparatus.
Being a 'null method this gave more sensitive readings but constant
adjustment rendered it unsuitable for ccntinuous récording.

. .

BREWER(1953 - Fig;h)\used negative feedback to guard a leak-free

radio-active collector maintaining the null reading and yet recording
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continuously., His circuit was developed from one applied by FARMER(19Lz’
~ #ig.7) to an ionization chamber and it is Lis circuis which has in
turn been modified by Crozier for the passive prote,

Farmer replaced the electrometer suspension Fibre with the highly
inzulated ;rid of an electrométer valve. His original circuit only took
a positive signal, although MUHLEISEE(1951) adapted it to take signals

cf both signs.

Brewer also used a centre zero arrangement to accept nezztive sizgnals

The radio-active probe, despite its popularity compared with the
passive probe, has its disadvantages. Huhleisen found that %

PR

roduced by the radio~active probe were carried by the wind and could alter

[ax

1e potential by up to 20 per cent,

CROZIER(1943b) therefore applied the basis of Brewer's circuit to

the riore stringent conditions of the paszive probe. The rassive probes,
whose description follows are based on those of Crozier, zdanted for a

British electrometer valve,
For ths purposes of description the instrument can be divided into

two sectione, the field instsllation (Fig.2) and the sensin:z electronics
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a long stretched wire, one end of which is mounted in the
head unit of the sensing electronics., This is connected by a two-

conducter cavls to an amplifier and power unit housed indcers.

52

o




JOR Y b
T

&, C(ROSS-SECTION OF FIiELY L EQUNRLENT
CONEIWGURATION FOf ANTENIA WIRE . BRENS
Fig. 8.  Passive Probe Equivalent Circuit

TN . «
1 CUri == - Ml B TEt i e o3l WERD UNIT - COooM : <
- .
L TENNA /

1 -
-y L -
ETe€ P -
} [SSWAS ¢-1
~
i e
FEEDRALY | {
e CuaRs ]‘3
H
i TN
IERR C) l:}’ C \\a
I PP ¥ R 29¢
’/..._.‘:;_“—“——::_lj L ’, 2o vALDS
SipE ELTVATioN GRouRT P
Fig. 9. Passive Probe Field Installation




¥or theoretical considerations, the éntenna may be considered as a well
insulated thin wire of cross-secction a cms. stiretched parallel to the
ground at~a height h cms. Assuming for the moment, that no instruments
afe attached; that the atmospheric conductivity is constant and that the
potential gradient is steady, then after 10 to 30 minutes (the atmospheric
relaxation time) the antenna will have elfectively lost any net charge
that it may have had. Its potential is than that of the atﬁosphere at

a height h cms. The antecnna possesses equal induced charges, negafive

ve below., A current will flow continuousl: from the
antenna through the air to the zround and an eaqual current flows to the
antenna rrom above, Yor reference, a plene P at a height ¥, sufficient
to ?e uﬁgffected 0y the small distortion of the field near tihé antenna,
will be considersd. (Fig.8z.)

It n2as been assumed that the conductivity A below P is constant,

which implies an absence of space charge. 'An eguivalent rszistance and

capacitance network that would revnressnt this situvation (Fiz.8b.) would
have the condition,
w1 — =
(3 = r C = w !
TeTG P o/%
C, = kC
¢ P
and rg = krc,' where € 1s permittivity of the
X % o

atmosphers and k a constant determined by the dimensions. The application
cf an alternating potential vp = VD exp jut to the system at P gives a

potentisl V., at a equal to vP/(k+1). Thus the performance o
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is such that the oLent' al of a is a fixed fraction of the potential at P
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and is in phase with that potential and the fracti
frequency and 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 constarnt. Because there is no freguency
dependence, then the notential a is also that of the free zimosphere at h. '
If the conductivity is not uniform below P, then the condition

o

rCCﬁ rPC does not hold nor is the potentizl of either the antenna
Iz .

t

3

or the free atmosphere instantansously held at h/H of the value at P.

However, fthe antenna potentizl can ke seen to be maintained at a close
1

)

approximation to the pofential of the fres atmosphers., Crozier discusses

ct

Lis non-uniform situation assuming conductivity is a funcition of height

alo:

poot

e, '

For a c¢ylindrical wire, the distortion of the field is geometrically
confined to a space of approximately 10 wire diameters in cepth and
width., (Fiz.8a.)

For uniform conductivity, the current and field lines converge on the
wire from above and bhelow from a width of two wire diameters, Crozier
contends that any probable conductivity gradient in the immediate vicinity
of the wire will not affect this appreciably. Thus if the ground and
the plans P are more Lgan several tens of wire diameters from the antenna,
the resistances T and rw are closely apDrox1ﬂateH~ y the resistance of
zir slaks two wire diameters thick extending vertically from the wire to
the ground and frowm the wire to the plane P,

If, now, & step change gyp occurs in the potential at P, then initially

there will he z step change AV_ in the poieatial of the antenna and Vh
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in the potential of the air a
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4s the conductivity is non~uniform, rb/rp (the ratio of columnar resistances)
- i

LV In

will differ from h/H and the air poteatial will relax toward.ﬂﬂk
1

5k




with a time constant determined by the conductivityjdistribution. The
antenna potential will also felax towvards a final valﬁe of
-:AvprG/(rG+rp)’ rG/(rG+rp) ~ rh/rH, 50 that the final values of
DNa apdﬁwh will be practically the same and with almost the same time
constant, as, area for area, similar charges nust be moved tarough
similarnresistances 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 step changes
.éwh andANa about 39 per cent of the step changeANp. The length of the
wiré is arbitrary, though if long énough, the magnitude of r. can be

decreased to a point where entenna insulation can be attempted; This
increases,CG, making possible the tolerance of a very small capacitanceA
in the sensing unit. (as pfeviously noted, insulation and capacitance -
?roblems had previously limited the use of the passive probe,)
Taking the léngth of the wire as 20m. and assuming the erds are
-1k -1

: 15 _ A
guarded, GO = 8.85 x 10 e farad n ! and a value of x =5 x 10 mho m ,

then cn the above model r, = 5 x 1014 ohms and CG = 0.35 pf. In a

. ' . -13
potential gradient of 100 volts per metre, a curreat of 2 x 10~ - amp.

flows to this antenna from above, and from this antenna to the sround,
through the air. To measure this current to zn accuracy of 1 per cent,
the current drawn by the sensing unit and across the insulators must be

-1 o )
no more than 2 x 10 & amp. and the input capacitance to the sensing
unit arcund 0.003 pf. The apparatus attempts to meet these rigorous

requirements by the use of feedback technigues and high quality insulation.

The system used at Durham consisted of antenna of 20 metre 20SWG tinned
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copper wire suspended from wooden posts by means of. a 2m. guarc wire.

enna was mounted on an aluminium boom of

+

The sensing unit of the an
approximately the same length as the antenna height above ground. The
insulation of the antenna and guard wires was F.T.F.E, The head unit

boom was supported by insulators of perspex. Since the sensing unit and
boom were maintained at a potential close_to the antenna potential by the
feedback, the end effect was small and the field distortion introduced by
the wooden posts was largely neutralised. |

The sensing electronics is represented in figd0., One énd of the
antenna led.through the P.T.F.B. bushing to the control grid of a
Mullard HMET403 electrometer valve which was housed with the various biassing
batferies in the head urit.

A two-conductor cable took the output signal plus the bias of the
electrometer valve and applied it between'the control grid and the cathode
of the_éSJ? cathode. The floating 63J7 circuit together with the‘fixed
285v. suprly, generated a feedback potential at the £SJ7 cathode. This
feedback potential was applied to the whoie electrometer vélve circuit,
the head unit case and guard wvires through the two-conductor cable. The
circuit was economical when several probes vere in operaﬁion as the 285v.
supply could be common to all and no separate floating screen voltage
surplies were required,

Since thé head unit case and boom acted as a guard, it should be near
the potential of the antenna, In figlO. it is éftached 3v. below the
negative filament terminal resulting in its being maintained at about
-0.9v. with respect to the aﬁtenna. The insulator leakape would then be
in the corfect direction to tend to neutralise .the negative grid current
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vhich at 3.0 x 10 1)amp. is just above the 1 per cent limit acceptable

cr a 1. high 20m. antenna. The voltage gain of the arranzement was

iy

sufficient to reduce the input capacitance of the ME1403 grid from 0.2 pfe.
to lesz than 0,003 pf.

The potential between point B and the zround follows the potential of

unit drawving less then 0.5 mA., cen be connected at B, Overall calibration
of the circuit cculd be obtained simply by applying known voltages.between
the antenna wire and ths sround, Th; expected rangg for the instrunment
ﬁas from =100v, to 250v. in fine weather. The instrument was not usable
during rein, as the moisture lowered the insulation and raindrops hitting

the anteuna deposited charges or caused charges by splashing. The head

(&}

unit and booms were protected by tailored polythene covers du?ing wet
weather.

The original intention was 'to effect a modification to the héad unit.
so that only the electrometer valve was housed in it, bias voltazes being
fupplied to it by weatherproof cables. A similar modi;icaﬁion wvas made
by SPANGLER(1952) who sealed the electrometer valve in ap epoxy assembly
with a needle type antenna for the measurement of biological potentialé
where space was at a premium. The advantage for outdcor use is not so
much space as a weight reduction which would 2llow a lighter, more conpact
boom and redﬁce tension on the insulators. Fig.11. shows the layout of
the design. "The casing was of brass tube, in the lower end of which was
fived a-BTG valve base with a P.T.F.E. insert. The electrodes of the
HME1403, except the control grid, wers soldersd to this.. The soldered

joints must be further than 1.,25cws. from the glass cheath of the valve
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to prevent damage to the valve, The control zrid eleétrode was sheathed
with PVC and led clear of the valve and wall %o a Pleésey coaxial plug
with a P.T.F.E. inszrt at the other end of the tube. The mating end of
the Plessey plug was attached to the ahtenna wire, The head unit was
fixed to the boom by a curved 'clip' of brass and was connected to the
rest of the sensing unit by a six core cable

Spangler surrounded his valve with an inert atmecsphere of nitrogen
sealed in with epoxy resin., The ME1L0% unit was first tried as deécribed
with an air étmosphere and then complstely encapsulated with Araldite epoxy
resin, but the difficulty with this head unit in outdoor conditions proved
to be the collection of dirt and moisture across the insulation of the B7G
valve base. Great carc nmust also be taken in handling the valves them-
selves or insulation breszldown occurs acrosé the glass sheath betveen elec-
trodes. Once bontoﬂlnutq they are very difficult to clean successfully,
One further disadvantage with tae resin sealed valve is that once'sealed,
it nnot be inspected. The MB1403 gfid current, measured éver high
resistances by a Philips GHML020 electrometer, was found to'be.higher than

declded tc make a larger

s

the stated characteristics. It was there
head unit, more amcnsble to experimcntation and 6ontaining its own bias
voltages. From this, the final head unit (Plate JF.) was developed. The
electrometer valve must be kept in darkneés to minimise the ?hotoelectric
increase 1in grid current on exposure to light,

ig. 12. siiows a calibration curve obtained for this probe by applying

-3

known voltages between the antenna and the ground. 'he curve suggests a
linear response for an antenna at 1 metre over a range of 300 volts/metre

rositive to 150 volts/metre negetive. It will be noticed that the curve
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does not go through the origin btut gives a zero field output of 8Slamps.
It was thought possible that this was due to contact potentials, thoough
contact potentials ia this instrument do not have proportionally the same

fect on the measured field as do the internazl contact potentials of a

iy

e
field mill,
Typical comparisons are shown in figures13 and14 . Fig.13. shows a-

steady fine weather afternoon with little cloud. It would be expected
that the instantaneous variations of the passive probe would be less
violent than that of the agrimeter as the letiter gives point measurements
rather than the probes averaged values.
Fig.1%. indicates charging of the antenna as conditions of very light
rain develcped. The large pocsitive peak occurred as a big cuﬁulus cloud
came overhead., The output from both probe and agrimeier went negative.
25 the rain started; but the probe driftéd'rapidly more nsgative and only
returned toward a reading comparable with the agrimeter a5 Fhe rain
ceased, It must be emphasised that light rain caused these results.
Under moderate and heavy rain, moisture coilected on the iﬁsulators and
fie high resistance necessary for operaticn was brokéﬂ down, Trouble was
aL1so experienceﬁ with spiders' webs, wind-blown seeds and air-pollution.
It was found advisable to give the insulators a daily routine clean and
to chieck again before use.

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

Keeping the antennae level at their'respective hieights was another

routine adjustment, as the wire stretched under tension and its length
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varied with temperature. Occasioﬁally_it was severelj strained by str&ng
winds or collision with dogs and_similar animals. Bifdé did not perch
on the antennae but were content to sit on the support posts and
contribute considerably to the insulator cleaning 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 suppoft posts. - This would simplify
adjustment problems considerably. |
Despite the practical difficulties of maintaining the antenna system,
it is considered that the reasons for the unsatisfactory performance of
the passive probes at the ovservatory sité wvere primarily connected with‘
the conditions in which the electromneter valve was exﬁected to work. The
grid current is required to be very low and this essentially means low
leakage. DAGPUNAR(1968) quotes experiments in which a ME1402 valve
operating at rated values, had a negative grid current of 1.3 x 10—15amp.
in a light-tight box which rose to 3 x 10_13amp.-when exposéd to dust and
humid air. It was also noted that a " diameter hole in a box containing
the valve in some instances gave a photoelectric current of 10~ ;amp.
Attempts to control the humidity within the sensing unit were made with

the installation of desiccator units.

Eleétrometér valves are also.sensitive to vibration and mecharnical
shock which may result in a change in valve geoﬁetry and corresponding
changes in the valve characteristics.

However, if the design of the sensing unit cén be developed to isolate
completely the valve from the uncertainty of its environment, there is no
doubt that the instrument is a valuable addition to the rangevof field
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measuring devices. Its developmeht and the accumulation and interpretétion
of potential gradient measurements by this method are worthy of separate
study. Aspects that would be of particular interest would iﬁclude the
determination of exposure factors of other field measuring instruments,

the variatipn of potential gradient with wind speed close to the ground
both laterally in tracking the course of charged dust ciouds across a fgst
site, or vertically in the mezsurement of departures from potential
_linearity such as those during conditions of a strong electrode effect{
Correlation with space charge measurements would not be easy because the
latter are essentially measured at a single point.

g for the displacement current is perhaps the wmost

C

Compensatin
difficult part of the direct method of air-earth currént measurement, if
the resolving time of the apparatus is to be fast enough to give records
distinguishing local effects from world-wide effects.

lention has already been made of the early work, where the measured
current was integrated with time and the displacément curreﬁt effectively
neglected, and of the designs of SCRASE(1933), GOTO(1957) and KASEMIR(1955)
whose speeds of response were limited by the response of a radio-active
c¢nllector, of a waterdropper and the relaxation time of the atmosphere;

ADAMSON(1960) deveioped a system which gave a much faster'response
time of the order of 20 §econds,:although this is still some way- from the
desired 71 second resyonse. An average change in potential gradient of
1V/m in 1 sec. at a potential gradient of 100V/m will give a displacement
current of 8.3 x.10"12A/m2, when the conducticn cufrent may only be
2 x 10-12A/m2. Adamson vsed a field mill designed with overall negative

feedback so that the relation between the field and the output

,
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was closely linear. The output of the mill was then diffe eﬁulated and
fed into one nalf of a double electrometer valve. To the other half of
the valve, would be fed, for fine weather work, the current from an
unshielded current collector. The differentiated signal from the mill
is proportiqnal to the displacement current and so both halves of the
valve receive the displacement current signal and tke final response
amplified by the d.c. amplifier is due only to the conduction current.
CHALMERS(1953) suggested the possibility of compensating for thé
displacement current by using a rapidly respoﬁding field machine to
measure the potential at the height of the current collector. The output
wouid‘then bé used to apply a voltage to the plate to keep it at the
potential of its surroundings and also to srply a voltage equlvalenu to.
twice that potential to a condenser that is connected to the ccllector 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 compensating syétem
is suff 1entlJ rapid, then the change in bound charge on the collector
plate will always be balanced and the net change in bound charge will
be zero. This differs from earlier methods in that the displacenent
current is eliminated from the collector itself. Applied'to the
collector system suggested by CHALMERS(1952), the system would appear
similar to fig.15. The difficulty may be in the production and
application of the doubled voltage and in the speed of the instantaneous
matching of the system. HUTCHINSON(1965) described the partial succes
of a similar system with the current collector at ground level. He
was able to.show that the compensation could be effective and
instantaneous, although he wés troubled by zero fluctuations of the field
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711) system which limited the sensitivity. In order to reduce the noise

tem, he suggested the use of a field-difference meter

level of the gy R

“

which would respond immediately to the departure of the field from a
convenient average value which wae itself being adjusted constantly
the potentizl gradient altered.

The disvlacement current can be reduced if the current collector is |

(6]

und level this

Q

surrounded by a raised shiela. If the ccllector is at gr
can be ecarthed. If the collector is raised above the level of the ground,
then the shield can either be raised relative to the collector and

iaintained at the potentizl of the collector or kept in the plane of tnre

o3
¥

collector at a notential slightly less then that of the collector. The
choice would depend on the mechanics of the collecter ""tem. The object

of the shield is to divert a portion of the displacenent current from the

~h
-y

o! orce. Unfortunately,

(o}

collsctor by aliering the dispositon of the line
as the ions will also follow the lines of force, some portion of the
conduction current will also be diverted. In fine weather work, the
shielded receiver will not suffer from the charging by coliision that
occurs when raindrcps impact upon it but it may interfere with the

tion of the effects of local space charge pockets that may move

(6]

icdenvifica
1¢ atmosphere with a horizon%al velocity componernt. If continuous
recordin@ is to be undertaken, it is feasible to translate data direct
to a digital form for rapid access to a computing system. This has
already been achieved at Durham with records from a mobile instrument
van. It would be possible to improve on the original system of
integrating the current with time and thus neglecting the displacement

~

current by computing the compensation regquired at any instant from a
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continuous record of potentiszl gradient and adjusting the curreni records

accordingly.
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L1, Comparison of Published Valuss for the Air-Farth Current.

Early measurements of the sir-earth current by the direc: &nd indirect
round geermed to indicate that the indirect result was
tuice trhe result given by the direct method which was exvected if the

conductivities of each sign were constant with height and did not vary

ITLSON(19906) had his apparatus set in a site on & kill (Hamildon Hill,
near Peebles) reasonably clear of obstructions affecting the field and
neasured at various heights without attempting to determine any relation-
ship between the heights,

STHPSON(1910) obtained values, when corrected for-displacément
currant, of the order of 3.4 x 10—12A/m2 though his site, a tennis court
ringed by stop nets, trees and mquntains,-was not entirely suitable,

VATSON(1929) used a Wilson apparatus at Kew .and comparcd the results

obtainf—"7 there for the direct method with results cbtazined at various

(TARE

FuR)

continental stations by the indirect method.

, 12,2
Kew 0.72 x 10 anp/m
A% i

Gottingen 2.7 x 10-1Lamp/m 0.98 1.3 x 10"12amp/m2

3 an" 7 ) -12 , 2
Potsdan 2.%37 = 10 am /m 1.16 1.27 % 10 Tamp/m
. _r -1"\
Davos 1.71 x 10 lzamp/mz 1.13 0.91 x 10 Camp/m2

The simple electrode effect postulated by VON SCHYEIDLER(1908) and others,
was not found by Wetson fecr Kéw, as the variatiop between the potential
sradient with heizsht in the first few metres was small and so he concluded
that there must be turbulence carrying a positive conducstiocn current

-
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of a magnitude’ equivélent ‘to L'%e upwards against the field,
WHIPPLE(1932) suggested thet a process of eddy diffusion could carry
positive charge upwards. The magnitude of eddy diffusion which is

greater than that of ordinary diffusion depends on the meteorological

conditions,. especially the temperature gradient, and will vary with time

M

nd place. Iddy diffusion cgnnot produce any vertical electrical current
unless there is a "ariatioﬁ of épace charge density with heignt, Space
charge depends on dF/dx and thus the electric current of eddy diffusion

2 o .
i; proportional to 4" F/dx". The criticism was therefore made that, as
tihe vertical velocity of eddy diffusion was small, a fairly large positive
space éharge would be needed and this would produce a change of potential
gradient with height, greater than that actually found. LETTAU(1§41)
extended the theory for eddy diffusion varying with height but the
criticism remains.

NOLAM and NOLAN(1937) opérated both direct and indirect methods
simultaneously at Glencree; directly by using ﬁilson's method and
indirectly by counting vositive and negative ions and estimating their
mobility. They found that the conductivity was the sameAto within 10 per
cent by both methods. Considered with a field that was found to be

practically constant over the first metre, this result suggests that

O

(X1+A1) at Im. is equél to\\qp at the ground and thus Xq must vary

rapidly with height. HNOLAH(1940) repeated these measurements with

similar results, findiang that the conductivity by the aspiration method
exceeded that by the Wilson collector by only 12. per cent. The Glencree
site was reasonably free”from pollution, although there was a marked

increase in the large ion concentration 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 thi»d by a hillside but, by applying an exposurs factor, he
by the VWilson method, argainst

obtained a value of 2.7 x 10~

. -12 . . o
watson's value of 1 x 10 amps/m~ and the continent average of

7

approximately 2 x 10-(2amps/m2. He suggested thet the air-earth current
at Kew was abnormally low although he postulated the 12 per cent difference
as a convection current.

HOGG(1939) making simultaneous measurements from the underground
laboratory at Kew, foundAthat the Wilson apparatus at ground level gave
a value for the conductivity almost egual to the positive conductivity
measured by a Gerdien apparatus at ground level. This also applied to the
negative conductivity if the Wilson instrument was exéosed to hatﬁral

reverse fields. He confirmed the virtual absence of variation in

otential gradient at this site reported by WATSOH(1929) and again by

el

2

SE(1¢35). He also found that x1 decreased with height, the decrease

o

R
veing most repid in tﬁe first 12.5cns. and beiﬁg around one half its
value‘at 1m. and higher. >\9 increased from zero at the surface to about
equal Jco,}\,l at Tm. and consequently the total conductivity remained very
nearly constant over the whole range of height considered. He also found
that near to the ground there was a smell positive space charge of about
’1,OOOe/cm5 and that the rate of ionisation was less at 100cms. than it

was at ground levei. Some of the cbservations at the various heights were
performed in different seasons of the year and some of the apparatus was
changed during the observation period. Although.corrections were made to
make the observations comparable, it is a pity that with the adﬁantages

of the underground laboratory, the equipment was not made a little more
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flexible.
LUTZ{1939) coméared measurements made at Munich in 1935 by the

indirect method with measurements made by the direct method ia 1909. He
found vélues that gave & ratio of 2:1 which suprorted the diffusion theory.
However, his measured space charges appeared too small to give a sufficient
convection current and CHALMERS(1957) suggested that the difference might
be due to changing conditiocns between 1909 and 1936. CHALMERS(1948)
tock Hogg's result tbat >Wg = 2>H nd showed that with the assumption

of a rate of ionisation at ground level five times that at 1n., it was
ossible to get a variation of conductivity like Hogg's and a potential

gradient that was reasonably constant under conditions of a gquasistatic

Q.

state for lar small ilons of both signs and small space charge. He

o

2 an

}

sugcpéfgd that this increase in ionisation near the surface was due to
- and(g- radiation from radio-active substances in the ton layer of the
earth. HE3S and O'DONNELL(1951) made measurenents which showed a
variatioh in ionisation did in fact occur. PIERCE(1958) showed the

actual variation with height was not far different from that suggested by
Chalmers in that he found $0 ion pairs/cc./sec. at 1cm. above ground and
only § ion pairs/cc./sec. at 1m. He pointed out that radio-active
foll-out was likely to increase the =ffect of (3- radiation with time.

This was further supported by the discovery of primitive electrode effects
in areas where the ground radiation would be shielded from the atmesphere,
namely the Gree ﬁland ice cap(PLUVINAGE and STAHL, 1953, and RUHKKE 1/0 )
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 1m.

63



equalled the positive conductivity at the earth's surface. CHALMERS(195%a)
pointed out that O'Dcnnell expressly set up his apparétus always under the
branches of large trees as protection from the field of the earth and

that this is a different experimental condition from measurement in the

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

n

then Fg, F and i become zero and if the properties of the positive and
negative ions were not different, then the ratio‘>¥ />\ would be expected
‘ . g’ 2g ,
to be equal to one. >\1g/>H would also tend to unity with increasing
turvulence as O'Donnell found.
ISRAEL(1954) collected together results from different stations which

. =12 2
gave a mean for direct measurements of 1.9 x 10 A/m from 12 sets

—12A/m2 from 26 sets.

and a mean for indirect measurements of 2.8 x 10
However, the indirect measurements contain a greater number of results
from stations in unpolluted areas such as ice caps and oceans and it hés
been suggested (CHALMERS, 1957} that the difference is not really
_signifiéant. |

The problem of the two methods of determining gir-earth current
appeared to have been fairly definitely solved by the agreement found
between the HOLANS(1937) and HOGG(1939).

Hovever, LAW(1963) used Ebert ion 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 ancd the potential at 1m.
He found that the total conductivity decreased with height under most
conditions. He éoncluded that this was incompatible with a conduction
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 iavolving both this convection
current and e variation in ionisation with height, thus falling between
the theories of Whipple and Chalmers. Law's apparatus differed

significantly from that of Hogg and HIGAZI and CHALMERS(1956) obtained

o

results at the Durham Cbservatory site in general agreement with Law,
whilevusing conductivity apparatus very similar to that of Hogg. Hig#zi.
and Chalmers found that both X1 and )2 decreésed with height. The
average values of the ratios of conductivity at ground level, 20cms. and
1 metre were:-
>Hg/>2g T.43 >\’1g/>\'1(20) 1.21 ‘X2W2x2(20) 1.2

,\,Ig/)1 1.28 N
The suggestion derived from this was that there was a significént difference
in the conditions between Kew and Dufham and Cambridge, particularly in.
the condensation~-nuclei content, as the air at Kew has a high degreeiof-
pollution compared with the other sites and consequently thi§~is reflected
in the conductivity and potential gradients. The potential gradient at
Kew was generally about four times as great as those at Dufham and
Cambridge. Higazi and Chalmers also found that all ratios tended to unity
as the wind speed increased. They suggested that an explénation in tefms
of turbulent mixing of the air near the ground would tend to a limit in
strong winds, witen the air in the lowest netrs was thoroughly mixed and
showed the same characteristics wherever sampled. The mixing would
lovefcome the separating 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 unanswvered.
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The question of the importance of.convection currents had been

reopened by KRAAKEVIK and CLARK(1958) with the resglts they obtained

outside the area close to the earth's surface. If thére was 1o significant
effect due to convection currents, the condﬁctiqn current wguld be. the

same at all levels in the atmosphere. EVERLING and WIGAND(1921), with
earlier aifborne measureaents, had found the conducfion current to decrease
with increasing altitude, but KRAAKEVIK(1958) had found the conduction
current constant with height over Greenland at a value 6f 3.7 x 10_12A/m2.
Over Chesapeake Bay, however, {raakevik and Clark, measuring conductivity
and potential gradient from an aircraft near the boundary of the austausch
region found that above the austausch, the conduction current was constant
with height at an a?erage of 1.1 x 10—12A/m2. Within the austausch in two
regions they found values of 1.5 x 10-12A/m2 indicating that tle condubtlon
current did alter wifh height. They considered that upward convection

of positive space charge within the austausch would cause this and their
potential gfadient measurements showed space chafge of abouf the right
magnitude. Up to this time, those who considered that Hogr's results were
nost significant had accepted the Nolans' results as confirmatory and

taken the 12 per cent difference that Nolan had explained as a convection
current to be just a. locel difference. Kraakevik and Clark's results

then gzave some greater significance to this convection current. They |
suggested that the source of n051t1ve charge required to support a
continuous convection current might be positively charged nuclei from
combustion proceéses MUHLEISEN, 1956) Another major source could ke
the breaking of Qaves at sea.(BLANCHARD, 1951) |

CHALMERS(1964), considering the simple case when the conduction current
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within the austausch was the sams at all levels, showed that the total
vertical currznt during the time when convection was bccurring vas less
than the value when there was no convaction. This latier value would
itselfl be less than the value of conduction within the austzusch.

rth must be equal

A8

However, the fact that the total current into the e

s

not to the conduction current during

[oN

to the total vertical current an
convection, again focussed attention on the situation close to the earth's
surface.

K4SEMIR(1960) made an attempt to measure directly the air-earth
current in the upper air, although it has b?en shown that he was, in

fact, measuring ZF. 1

4

found that above the austausch, the sir-earth

[42]

1

D

current density was th same.at all heights and was nsarly foﬁr times
as 1arée over Greenland as over the polluted areas of the éastern U.S.A.
His results in the austausch were not reliable as matching was.not
achieved. UCHIKAWA(19%81) measuring the conduction currant by the.indirecﬁ
method found the value in the austausch to béA1.5 times taat above the
austausch.

HOGG(1950, 1955) made attempts to relate the local conductivity at
the earth's surface more precisely to the air-earth currént. At firsf
he divided the columner conductivity into two parts; the upper part at
nigh levels due to cosmic radiation and unzffected by local changes near
the ground, and the lower part dependent on the surface conditions
{(i.e. radio-active materizl and concentratién of large and small ions)
and a function ofk\. In the second attempti he used the empirical
equation for the vériation cf conductivity with height given by GLISH and
WAIT(1950), >\= >b + Ah®. Neither of these methods, however, can take
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ipto account the abrupt change in conductivity at tﬁe'uppér Boundary of
the austausch region.
BUIS(1957) has compared over fifty current density measurements
derived in four ways:-
1« The potential differeﬁce between the clectrosphere and the earth
vand the columnar resistance,
2. lHeasuresments of potential gradient and conductivity above the
austausch, |

-

5. The direct method at the surface,
4., The indirect method at a height approximately 1 metre above the
surrace.,

He divides the stations into three areas A, Polar, B. Oceanic and low

pollution areas, C, Arsas of high pollution, with the foliowing results.,

A B c

10712 p /> 10712 /m 10-12}&/1112
To 1= V/R 3.4 2ok 1.1
2. i = F(>\1+)\2) 3.3 | 1.8 T 1.3
5 Direct i - 3,0 - 1.2
b, i = FX 300 1.9 ' 1.4

1

at 1 metre

He reiterates WATSON's(1929) suggestion of a convection current equal

in size to FAp. In his survey he neglects those values for the conduction

current measured on mountain sites because of their dependence on .their

: L ' . N - . . ~12, . 2
local conditions. Conduction currents of the order of 135 x 10 "A/m
for instance, have been found on the summit of Jungfraujoch against normal

. 5 b o 10=12. ,.2 L. . ... . .
values of 2.k X 10 A/ which, 1f The conduction was to be thes same at
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gll levels would be anomalous.
In any detailed comparisen of results from different areas, it nust

also bs remembered that the annual variations and sometimes diurnal

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

ifferent results., A llou of such variations was given by HOGG(1950).

(o7

In general, if i :>\E and 1 = V/R, as V and R vary less than)\ or F, i is

En

more nearly constant than X or Fo R will have a variation inversz to
that of A and of smaller amplitude and so i will follow the changes in
)\and give a variation the inverse to F.

-

SAGALYH and FAUCHER(1959) suggested that the variation of the air

ezrth current could be described so

1di_ 1.4V 1 an
1°dt T V'at R at’

varakion ~ werld leced
of { wide toluvwenar
variation ranation

o
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4.2, Conclusions.

It has been shown that for an understanding of the fine weather
electrical phenomena in the atmosphere it is necessary to measure the
air-earth current directly aé well as the conductivity and potential
gradient, and that, although the aif-ea;th current is prcbably a mo;e.A
fundamental variable than the other two, its measurément‘is more difficult
and hence the state of the apparatus so far develovped, lsss satisféctory
than the measurement of conductivity and potential gradieﬁt.

Proviged that the area concerned-is 2 faif sample of the earth's
surface, the direct method of measurement at the surface will give a
measure of the actusl air-earth curreat. If the results between this
and the indirect method do not agree, it can be inferred that the
conduction current calculated from the indirect method does nrot compriée
thé whole current. It is, however, difficult to say how much of the
.total alr-earth current, measured by the direct method, is conduction

current, unless the components of the total air-earth current can be

mec

o

sured at heights above the surface of the earth. DOLRZAL=K(19560) took
a number of measurements of F, i and;\ and discussed the various factors
that would give apparent deviation from Ohm's law, for if convection
currents exist, then deviations from Ohm's law will appear. He came to
the conclusion that a comparison of resulfs from thg two methods of
determining the air-earth current is not sufficient to give the convection
current. If the Eonstructional and operaticnal difficulties can be
solved, then a system such as was attempted here may well give a measure

of the importance cf the convection currents in the lower region of the

i



atmosphere. It may be also that conclusions based or similar measurements
at different heights are less liable to esror than thgse based on a
comparison of results from differing measuring methods. The difficulties
of defining a system from measurements mzde from cne boundary, the
negative 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
mixing close to the earth's surface. The assumptions of.the quasistatic
state and of horizontal stratification lead to a current density the
same at all levels. The results from the indirect method suggesting the
conduction current is not,con;tant with height leads to the aésumption~
that some other current, the convection current must also not be constant
with height. | .

The development of analogue computing teckniques makes it feasible to
consider the development of model systems for the theoretical solutions
to these problems, if sufficient primary information can be gathered
under known conditions. ISRAEL(1657) called for synoptic measurements of

P, i and.x to be made to separate local effects from those with a worid-

Yy

wide basis and the separation of local effects is eszential, 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 dréwn from expverimental results in the
past. The separation of local effects from more fundemental vafiations

is the more.imporfant, since COLLIN, GROOM and HIGAZI(1965) have indicated

periods of auto-correlation that indicate the atmosphere has & 'memory'.
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Their analysis of HIGAZI and CHALMERS'(1966) results indicated that the
length of the memofy was due mainly to the replacemenf and mixing of the
air by the.wind, although some small efiect was made by the exponential
. relaxation of electrical phencmena in the atmospvhere.

WHITLOCK and CHALMERS(1956) found variations in the fine weather
potential gradient that suggested the movement of wind borne pockets df
space charge. BENT and HUTCHINSOW(1956) found repetitive patterns in space
charge records that had their counterparts in the wind spesd, tempefature
and humidity records and sug*ested tpe movement of wind borne convection
cells.

SERBU and TRENT(1958) found changes in conductivity before the onset
of fog(and before its dissipafion too). DOLEZALEK(1962) found that the.
conductivity decreased and the potentizl pgradient increased about 1 to 2
ﬁours before fog appeared. 'The care with which a site must be chosen hés
already been indicated but these last findings raise the question‘of the
choice of periods feor aralysis.

It has been usual for fine weather phencmena to choose-days that
appear undisturbed either from meteorological or potential gradient records,
“but ISRATL and LAHMAYER(19438) suggested that conclusions should be based
on the analysis of all reccrds except those when precipitation waé actually
occurring

The full separation of local influences on the value of the conduction
current and the importance of-thelconvection current must therefore call
for fully automatic recording; 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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if the direct method of measurement is to be used above ground level.

BEENT and HUTCHINSON(1956) have demonstrated such a system for fully
autometic recording and automatic data-logzing systems for the remote
recordinz of ﬁeteorélogical variables have been conmercially available fof
somé time (12).

It is, therefore, suggested that tﬁe understanding of the importahée_
of the comppnents of the ailr-earth current would be materially advanced,
if standardised equipment could be set up to run simultaneously and
continuously at three sites.

It is suggested that the variables that should be measured are
a.) air-earth current by the direct method, b.) conductivity, c.)
votential gradient, d.) space charge, and e.) wind speed, and that
the equipment should be based on a. a properly engineered double
collecting plate with & computer calculated compensation for displacement
current, b.) a conductivity measuring system after HIGAZI and CHALMERS'
(1966); c.) a field mill or passive.probe systeﬁ, and d.) ‘spacc charge
apparatus after BEWT(1964).

It is suggested that such apparatus should be placed ian three

(3

cerefully chosen sites, cone in a ﬁolluted area, one in an area free from
poliution and one in an zrea where the electirode effect was féund to
occur.

Obviously a project of this size would probably require some
intarnational cooveration for it is unlikely that all three sites would
be found in this'country. waever, the meteorological sciences have long
shown the léad in such forms of scientific cooperatisn. The project would
.also be expensives, but ip terms of economic and scientific return, it
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might be preferable to standardise on equipment at this stage and obtain

a long period of results réthe: than for individual<résearchers, espzcially
research students, to develop their own variants of apparatus and be often
with results .covering very samall perioés of time. |

It is also true thet in favecurable economic blimates, government
organisations have been prepared to spend such money as would be requiféd

in this field. 1In particular, tke author is grateful for the receipt of
a U.S. Navy grant. He is also grateful for the privilege of studying

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