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ABSTRACT

Cenductivity measurements in the lowest few metres of the atmosphere
have been the subject of investigation ef relatively few werkers, Their

results appear -to be cenfusing especlally where the electrede effect is
concerned, The present work was undertaken as a further contributien to

the understanding of coenduction in the lewest metre of the atmosphere,

gimultaneous measurements of the pelar conductivities of opposite sign

at ground level as well as conductiyities of elther sign at 20 om, and 100
cm. above the ground were made togethexr with the petential gradient at
ground level, A mean value for the wind speed, and the wind directioen
during a period of recerding could be ebtained from the records of the
Durham University Observatory where the werk was underteken, The
conductivities were measured using two o¥jindrical cendensers of the
Gerdien type housed in a pit underground with their intakes flush with the
surface, Air frem the required height was drawn through a cardbeard tube
of that height slipped ever the outer tube of the Gerdien cendenser. To
nr.l.nimise the distortion to the lines of farce resulting frem the

introduction of the cardbeard tube in this manner, the intake of the

cardboard tube was surrounded by & narrew aluminium band coentinuously

maintained at the right petential of the surroundings, by utilising the

output of the field mill at ground and a "centinuous balance circuit" of a

Heneywell Brown recorder,



Results have shown that both positive and negative conductivities
decrease with height in the lowest metre from ground, due to the effect
of the radicactivity of the seil. The variatien of the radiocactive
emanation in the air is directly affected by the role which the wind plays
in the mixing of the air, It is suggested that in post cenditions overland

these factors combine against the enhancement of the electrode effect,
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. CHAPTER T
INTRODUCTION

IONS IN THE ATMOSPHERE

The genexral resuit of investigatiens on the ioqs in the atmosphere
shows that they can be classified into three classes depending on their
mobility, Those which have mobilities between 1 X 107 ang 2 X 107
m.sec. | for a potential gradient of 1 V.m.! are known as the smell ions.
The actual value of a mobility being dependent, among other things, on
humidity, impurities and pressure, This and the fact that under identical
conditions negative ions have mobilities which are rather greater than
positive ions, suggests that a small jon is more coemplex than merely a
single molecule with a single electron in excess or deficit, It has in
fact been established that a small ion consists of a single ionised

molecule with other molecules clustered round it, and kept together by

the charge,

The second class of ions - known as large ions - are those which
have mobilities between 3 X 1078 ama '8 x 1077 mev. sec.' These are
produced whenever a small ion is captured by the uncharged particles
found in the atmosphere known as condensation er Aitken nuclei. Large

ions are considerably larger than the smell ions which are not much larger

than molecular size.




2.

The difference in mobility between the small and large ions is not
the only distinction between them. It is to be noted that the aggregate
of molecules which constitute the small ion is held together by the charge.
As soon as the charge is lost the aggregate falls zpart and the small jon
no longer exists, The large ion, however, can lose its charge and still
exist, as an uncharged nucleus and can readily acquire another charge, of

either sign.

The third class of ions - known as intermediate ions - are the ones
which have mobilities between those of the small and large ions. Pollock
(1915) first discovered such a group of ions with mobilities between 1072
and 10-6m?v:%ec:1 to exist only under conditions of lew humidity. The
existence of these ions was later cenfirmed by Wait (1935) but he did not
find the seme effect of humidity. Hogg (1939a) found definite groups of
5 -7 2 -1

ieons with mobilities from 2 X 10°° to 1 X 10 /m°v.sec.| He interoreted
them as perticles of sﬁlphuric acid having volumes which are integral
multiples (up to 15) of a unit size (radius 3.6 X 10-9m.) comprising some
2000 melecules, He did not find the effect of humidity which Pollock found,
nor did he put forward any theory to account for the unit size. However,

if his interpretation is correct, these ions can only be found where
industrial proecesses produce sulphuric acid., On the whole, while some
workers found ioens in the atmosphere to e#ist inte separate groups, each

group comprising a different range of mobilities, with no ions with

intervening values of mobility, others could only find a continuous range
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of mobilities. Intermediate ions are generslly neglected in discussions

of atmospheric electricity.

PRODUCTION AND DESTRUCTION OF TONS

Various processes can act as ionisers of the atmesphere, In the high

atmosphere, from an altitude of about 80 km, and upward, ultraviolet light
from the sun is doubtless the chief ioniser. Ionisation by collision
takes place in lightning flashes and in the process of point discharge,
but these occur onl& in limited regions of the air and for a limited time
in stormy weather, In some special circumstances ions may be formed when
light, even of visible wavelength, strikes certain photosensitive
substances. However, substances of the required sensitivity are so small
a part of the constituents of the earth that this is undoubtedly an
insignificant ioniser in éhe atmosphere, Ultraviclet light of sufficiently
short wavelength directly to ionise the air is apparently all absorbed

high in the atmosphere.

Targe and intermediate iens as well as numerous nuclei which serve
for the later formation: of large ions are at times introduced into the
atmosphere by some chemical and a few mechanical processes; for example

domestic and industrial furnaces, bush and forest fires, etc, Chalmers

(1952) has found negative potential gradients in mist and fog, ascribed

to negative ions produced at high tension cables, Other similar effects
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were also reported by Muhleisen (1953),

Small and large ions are reported to be formed when a surface of

water is suddenly disrupted., In pure water the small drcplets carry a
negative charge into the surrounding air whereas the larger omes with a
positive charge settle to earth, If the water contains amall amounts of
certain impurities, the sign of the charges may be reversed. This process
can only be of importance in the immediate neighbourhood of waterfalls

or perhaps by the sea shore,

Ions are also gaid to be formed by drifting dust or snow. At such
times abnormally intense electric fields beceme manifest in limited areas

and for short periods, resulting presumebly in the produetion of ions,

All the several possible processes mentioned by which ions 0nay

be formed in the atmosphere are not sufficlently widespread and effeotive

to be dominant factors in the ionisation of the atmosphere during fine
weather, However, three other processes qualify as dominant factors.
These are: ionisation due to radioactive substances in the earth's crust,
ionisation due to radioactive matter present in the air itzelf and

ionisation due to cosmic rays.

Uranium, thorium and their products are widely distributed through
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the earth's crust, whose surface layers therefore emitef, ﬂ, or ¥ rays

into the air, of rays, having the least nower of penetration, cause a
very small ionisation meinly in the first few centimeters of the air
above the surface, B rays and ¥ rays can come from greater depths and
penetrate much further into the atmosphere thus causing very appreciable
ionisation, The ¥ ray activity of potassium introduces another source
of jonisation because the potassium content of the earth's crust is

considerable,

Redioactive gases arise from the decay of radium and therium within
the earth and escape into the atmosphere by diffusion, thermal convection
and decreases in the external atmospheric pressure, The jionisation
produced in this case is largely due to the & rays from the emanations
themselves 2s well as their successive products since here there is no

absorbing layer between the disintegrating atom and the air,

Cosmic rays come to the earth's surface from above and suffer a

partial absorption in the atmosphere, Their penetrating power is much

greater than that of the most penetrating ¥ rays from radioactive bodies,

The ionisation produced by the coesmic radiation increases rapidly with
height above sea level, rising ten fold in the first 10 km, The amount
of ionisation shows some change with geomagnetic latitude, being less

at the magnetic eocuator than et higher magnetic latitudes.



In order to understand the relative importsnce of the threes major
ionising processes mentioned, it is convenient to use the unit, q , .to
represent the muber of pairs of ions produced in the air per c.c. per
second. In air at N,T.P. and ;.1'5 sea level cosmic rays produce ions
amounting to 1.,8q at latitudes over 50° and 1.5q near the geomagnetic
eonator, The effect of the radioactivity of the earth is subject to
considerable fluctuations with local conditions but on average is found
to be Lq over land and is insignificant over the sea., The effect of the
redioactivity in the air averages about 5q over land and is negligible -

over the sea, Thus, on average, the total effect over land is nearly

119 and that over the sea is 1.8q falling to 1.5q9 near the equator.

The number of ions preduced by the processes mentioned dees not
increase indefinitely with time because certain processes are at werk
removing them. Small ions are mainly remm;red by cembination with
un-c:harged miclei to form large ions and bj combination with lerge iens of
opposite sign to form neutral Aitken nuclei. They are removed to a very
small extent by recombination, the same being true for laxrge ions.

The ion population in a given spsce increases or decreases until there

is a balance between the rate of formation and the rate of destruction.
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CHAPTER II
THE FLECTRICAL CONDUCTIVITY OF THE ATMOSPHERE

HISTORICAL

That the air is not a perfect insulator and that electric charge
mey be dissipated through it was first discovered by Coulomb (1785)
who showed that a metallic conductor, placed in air, gradually loses its

charge in a marmer to be ascribed not only to faulty insulation, but also,

to some extent, to the conduction of electricity away from the body inte
the alr, Coulomb assumed that particles suspended in the surrourding air
- e,g., dust, water vapour - first become charged by contact with the
electrified body and then carry away its charge, The discovery eof
Coulomb, however, received little attention until Linss (1887) reported
his determinations of the dissipation ceefficient, made twice each day
at Darmstadt, Germany, during twe years. The values varied from a
moximum in summer to a winimum &n winter. Then in the last decade of
the Century Elster and Geitel perfected the methed of measuring
electrical dissipation from charged bodies and made numerous
measurements in the outside air, from which they concluded that the
dissipation of charge is greatest in pure szir and that fog, smocke, or
other f;\ctars which reduce the visibility, also reduce the dissipation,
sometimes to values as low as one tenth that for very clear air.

Although it was therefore believed that the moisture in the air helped

to discharge a body, Elster and Geitel concluded that in pure air the



dissipatien decreases when the alir becomes nearly saturated with water
vapour. They found that in the pure air of the mountains electrical
charges are dissipated more rapidly than elsewhere, But their
observations on mountains disclosed another interesting part of this
picture puzzle, Although in the lowlands electricity was dissipated
from a charged body exposed in the outside air at about the same rate
whether the chaige was positive or negative, yet it was found that on

exposed mountain peaks during clear weather a negative charge was
dissipated much more rapidly than ene of positive sign,

Thus it became evident that the air of the atmosphere has the
property of conducting electricity to a very slight yet a sufficient
degree for this property to play an important role in the electrical

phenomena of the atmosphere., It was the conception of ions in gases de-

veloped at this time, chiefly by J. J. Thompson and his cellaberators,
which enabled, almost simultansously, Elster and Geitel (1899) and
Wilsen (1900) to give a satisfectory explanation for the dissipation
of an electric charge as being due to the rneutralisation by ions of
opposite sign drawn to the surface of the body by electreostatic

attraction,

The explanation of the observation that on mounteain peaks a

negatively oharged body loses its charge much faster than dees one
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that- is-charged-positively is as follows: the surface of the earth is
charged negatively during fair weather amd that surface charge is

greatest on protruding pertions such as mountain peaks; hence, negative

ions drift away from thé earth while positive ions in the air above
drift toward it, Negative ions are therefore somewhat less abundant

near the earth's surface, especially over mountain peaks, than are
iens of positive sign, altheugh at distances further from the earth

ions of each sign are about equally abundant. Thus in air near the
earth's surface, the number of negative ions available being less,
a.pasitively charged body loses its charge more slowly than does one

which is negafively charged,

SATURATTON CURRENT

Let us consider two electrodes. separated by air, which, as we know

?
is always feebly ionised. On aprlying a potential difference between
the electrodes the ions begin to move towards one or other of the
electrodes according te their sign. On reaching the electrodes the_

ions give up their charges and so a small current begins to flow,

If n, and n, are the numbers of small positive and negative ions
per unit velume, e is the charge on an ion, k, and k, the mobilities

of the two kinds of ion, respectively, and F the potential gradient,
then the current density, i , is given by: '



CURRENT

SATURATION

CURRENT

FIG. 1,

POTENTIAL DIFFERENCE

IONIC AND SATURATION CURRENT
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i = e(nky, + Ny WFerurnoneeennnnecncnsinnanas (1)

The expression
M= elnk 4 nd ) seeeeneiniiinieiiiennene (2)

is called the specific conductivity or the total cenductivity of the

air. The quantity ) may alse be considered es consisting of two terms,
A, and )\, such that

A= N+ N = ek, M= enky
Aand )\, are .eallec'l, respectively, the polar positive and negative
conductivities, |
Should the air alse contain other types of ions having different

mebilities, the expressions for each of the components of conductivity
would centain a sum of terms like nk.

As long as (1) is fulfilled the current density is proportional

to the applied potential difference; i.e. 0hm'§ law is obeyed. In
FIG. (1) this is represented by the initial linear pertion of the
curve, As the potential is still further inecreased mere and mox;e ions
will be drewn to the electrodes in unit time and & marked diminutien
in the ionic concéntration will occur. The eerﬂuctivity.of the air
will accerdingly fall, and so the current deﬁity will no lenger
increase proportionally with the field strength, but mare slowly. With
still more potential between the electrodes a condition is finally

reached in which practically all the ions preduced in one second ave

drawn to the electrodes. The current is then knewn as the saturation
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‘current and is characterised by the fact that further increase in

potential produces ne coerresponding increase of current sn dang as

no new factors affecting the ionisation come into play.

Measurements of atmospheric conductivity at ground level and
at ene metre above have been made at Kew by Watson, Scrase and Hogg
and at Glencree by P, J, Nolan, Watsen (1929) used two Wilsen
universal electrometers one flush with the ground and the other 130 cm.
above, His results showed the caenductivity at ground level to be, on

average, about 25% more than at one metre. Scrase (1934) with more

improvements en Watson's method obtained approximately the same results,
He attributed the lower value of cenductivity at the one metre level

to defects in his experimental procedure, and expressed the belief

thdt the cenductivity at the two levels should be the same. Both
Watsen and Scrase measured the positive unipolar conductivity enly.

Hogg (1939b) made simultaneous measurements of both polar conductivitjes
at three heights between ground and ene metre as well as the positive
unipelar cenductivity at.ground measured with the Wilsen apparatus,

Te investigate the variation of conduotivity with height he used an
aspiratien apparatus of the Gerdien type housed in the Kew underground

laboratory, Air frem the desired height was drawn through a vertical



12,

cardbeard tube slipped over the outer electroede, To reduce the disturbance
of the earth's field due to the introduction of the cardbeard tube, the
latter was surrounded at its entry point by a metal ring charged to a
petential appropriate to its height as determined by the Wiison apparatus
Jjust before a cenductivity ebservation, His results show that:

(a) the positive conductivity, decreases with height, the decrease being
relatively rapid in the .lowest 25 cm., reaching about half its initial

value at a height of ene metre,

(b) the negative conductivity, increases with height rising from zero at

the swrface to about equal te the positive cenductivity at one metre.
(c) the total conductivity remains approximately censtant over the whole

range of height considered, being equal te the pesitive conductivity at

‘ground level measured with the Wilsen apparatus,

Nolan (1940) measured the positive conductivity at greund level
using Wilson's apparatus as well as the total cenductivify at one metre
using an adaption of Gerdie-n's methed, Air at the one metre level was
drawn through a hole in the wall of the building. Nolan feund the total
conductivity at on§ metre to exceed that measured at the ground by the
Wilson t;nethed by about 12%. To account for this difference he postulated
en upward pesitive convectien current due te turbulence, the magnitude eof

which varies, but which, en average, is 12% of the air earth current.
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0'Donnel (1952) using a pertable apparatus ef the Gerdien type
measured both polar conductivities at ground and at one metre above it
from within' New Y..'erk city to 100 miles of it, With':.éerdien apparatus
horizontal, he arranged a right angled elbew of galvanised iroen with a
long arm te fit over the end of the outer cylinder, Fer observatiens at
the one metre level the elbow was turned about the cylinder axis to a
herizontal pesitien with the intake one metre above ground. 0'Donnel,
however, specifically mentiens that the apparatus was always set up under

the branches ef large trees as a pretectien from the field., His

_ measurements shew that:

(a) the total conductivities at ground level and at one metre above are
not -equa_l, the latter bBeing generaelly frester by day, and less at night.
(b) . the raties of polar conductivities ef ene sign at ground level to the
correspending values at one metre are net censtant and the ratio of the

total conductivity at ground te that at one metre is not cemstant.

Mere recently Law (1963) warking in Cambridge used an Ebert Counter
to measure the small ion concentration at three heights between ground and

150 cm. above it., He alse made simultaneous measurements of space charge

and peténtial gradient at one metre, Air was drawn from the required

hgight through a flexible tube. His results show that the cenductivity
decreases with height under mest conditions. He cencluded that this is

incompatible with a cenduction. current constant with height and so he
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implied the existence of a convection current comperable with the

cenduction current.

THE ELECTRODE EFFECT

Consider a vert{;al cylinder of perfectly still air eof unit cress
section extending from the ground to ene metre above it., Iet F and Fa
be the petential gradients, M, and hgqbe the positive conductivities, \j
and),_, be the negétive conductivities at the top and bottom;, . respectively,
of this cylinder. In the nermal fine weather poesitive potential gradient
in the atmosphere, pesitive ions meve downwards in the field while negative
ions move upwards., At the ground there can be ne conductien current -due
to negative iens unleas these come out ef the ground itself, The ioenic
conduction current across the tep of the column will be F), dewrnwards, and
F),upwards, i.e. each second, a positive charge F), enters the column and
a negative charge F), leaves it, At the ground there is only a downward
flow of poesitive ions, carrying away a postivé: charge FQ’X"" The
oylinder as a whele thus leses a positive charge (F "),_’_ - E)«.) per
second, and a negative charge F\, per second, This is equivalent to a

development of a pesitive space charge at a rate per second of

Fha- (B~ FA) = F(N+Ds) - Fohis
This is Known as the "electrode effect", The existence of this space
o
charge should decrease F and should cease only when F has suchpvalue that

as many negative: as peositive ions leave the cylinder in each second,
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i.e. when )
F()‘i- }z) » F5)13 o-ooo.-ciooo-o.oo.o------(})
Measurements on Lake Constance made by Muhleisen (1961) have shown that

the potential gradient was greater on the surfaceé of the lake and kept
decreasing up to a height of about 10 metres, as would be expected frem

the electrode effect,

Calculations have shewn that due to the electrode effect the
potent:i.gl gradient at the ground should be about 30% greater than that

at ene metre, Actual measur@méntg, e.g. Scrase (1935), have shown that
the potential gradient remains practically unchanged over the first few
metres above the ground., Space charge measurements near the ground show
a space charge density :I.nlsufficient to account for any significant
variation of the petential gradient between ground and ene metre abeve,

The discrepancy seems to have been reseolved by the suggestion eriginally

put Porward by Hogg and werked cut in mere detail by Chalmers, Hogg (1939b) i

has suggested that the rate of production ef ions may be different at the
surface and at one metre above, Chalmers (1946) assumed that the rate of
jonisation at the earth's surface, due to the o and B radiations frem

radiocactive substances in and very clese to the earth's surface, is five

times that at one metre, He was thus able to show that a variation of

cenductivity with height as found practically by Hogg can be reconciled,
without the requirement of a space charge density sufficiently large to

alter the potential gradient appreciably.

1}
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Ruhnke (1962) in an attempt to work iinder conditions where
interference from too many unknewn facters is négligible, resorted to
Greenland ice cap, There the shielding of the natural redioactive material
in the seil by a thick layer of ice and snow and the absence of condensation
miclei in the air result in a very stable cenductivity in fair weather.
Measurement of cenéuctivity unaez- these jideal conditions has shown a
pronounced electrode effect near the ground., Ruhnke, hewever, reported

that the negative polar cenductivity had its minimum value in completely
calm air and increased to almost the full value of the positive polar

-1 ,
conductivity with wind speeds of 2 m.sec, Or greater, No explanation
was given for this,

Of the measurements mentioned those of Hogg are by far the most

important, This is because the use ef the underground laberatory made it
possible to work under conditions which approximate very well to infinite

plane conditiens, Alse the mainﬁé_}'énance of the top of the cardboard tube
at the spproximate potential of the surroundings was a big Amprovement.,
However, as used by Hogg it still intreduces a source of errer because

the potential gradient may vary censiderably during a chesen interval.

0'Dennel's results do not cenfirm the findings of Hegg. Chalmers

{1953) has shown that the discrepancy is due to the different conditions
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in which the two sets of measurements were made, Hegg by working in an
exposed site measured the change in conductivity caused by the vertical
potential gradient and the vertical curremt. O0'Donnel by working under
the branches of large trees rendered the potential gradient and the current
to be absent. 0'Donnel also pointed out that the use of the right angled
elbow did not cause any loss of ions by diffusion to the walls, A
preliminary investigatien by the author showed that the use of a right
angled elbédw caused the loss of 15% to 30% of ions of either sign,

depending on the rate of flow,

The object of the present investigation is to use present day
techniques and highly accurate equipment to undertake a similar investigation
" of the variation of conductivity with height in the lowest metre of the
atmosphere, as a further centribution te the understanding ef the conductien
in- that zjegion. To this end it is hoped to resolve such disag‘reement's as
the ene which the messurements of Hogg and Lew seem to bring out, The
pro:jeét was also embarked on with the intention of comparing simultaneous
measurements of the fine weather conductien current in the lewest mstre of
the atmosphere made by two methods : (i) indirectly, as the product of the
conductivity and the poetential gradient, which the present investigati_en
would provide (ii) directly, by measuring the positive and negative
compohents of the current, which is now the subject of an investigation
by a fellow research student working on the same site. Such a cemparisén

can give valuable informatien on the part played by convectien,
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CHAPTER IIT

THE APPARATUS

THE CONDUCTIVITY CHAMBER

.}.tmespheric conductivity is generally measured using a medified
arrangement of an instrument first used by Gerdien (1905). This consists
of a cylindrical tube having inside it a small coaxial red, thus forming
an open ended cylindrical cendenser. A potential difference is applied
between the outer tube and the inmer rod, If air is drawn through the
tube, ions in the air stream will 'Se deflected towards the immer red or
outer tube depending on their sign, under the influence of the field

produced by the applied voltage. The current produced by the ions collkcted
at the inner rod can then be measured,

For the purpose of the present i.zrvestigati-en two conductivity
chambers were required and were made to be as identical as mechanically
pessible, Bach chamber consists of a brass tube )" (inside diameter),
14" long., The imney rod, alse made of brass, is 5/16" diameter, 10" long.
This is held ceaxially te the tube by a supporting brass red, 3/8" diameter
whith is insulated from the tube by a 1" polytetrafluoreethylene (P,T.F.E)
insulator (Fig, 2). The red, suppert and tube are all highly polished to
avoid effects due to contact potentials, The chamber is enclesed inside an

earthed aluminium box which aota as a screen.
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A potential of the required sign is applied to the cuter tube while
the inner rod is cennected-to earth through a 104I 2ol-un resistor in the head
unit of an Ekco vibrating reed electrometer. The current due teo the charge
erriving at the central red flews through the resistor developing a veltage
sighal, This voltage is converted to A.C, by means of a vibrating reed
then built up te suitable strength b.y an A.C. amplifier. A rectifier then
changes the amplified signal back to D.C. and the latter is measured on a
panel meter calibrated te indicate the D.C. voltage at the input., An output
current of 1 mA,' corresponding to a full scale deflection on any ef the
four ranges provided in the electrometer, allows the use. of a suitable
recorder, in this case a-m‘lt-il.channel pen recorder. Fig, (3) shews a
schematic representation of the conductivity measuring arrangement., If
the outer tube is maintained.at a positive potendial, positive iens will be
accelerated to the central rod while negative ioems will be forced away from
the. red, Consequently, only iens of one sign are collected (in 1:'h€:i:s' example

positive iens).

Swann (1914) has shown that the air flew through the cendenser is
related to the veltage E measured with the electrometer by:

E = RCVA vel;_ts 9ee000PCCREOEOIRIICEOIOTOISTDNES (l")
&

where: C farads is the measured capacity of the condenser

V volts is the applied voltage
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R ohms is the high resistance in series with the central red
Aohm “Im.”! is the unipolar conductivity ef the air
£farad. m.  is the permittivity ef the air
or A = BE_
R.
i.e. A is propertional to the current i = E/R through the central rod.
Thus

TV ehm. m. P )
For this equation to be applied to an instrument capable of measuring
cenductivity, the value of the applied voltage, V, must be less than that
which preduces saturatien of the chamber to ensure waerking on the OChmic
pertion of the veltage - current curve (Fig. 1), If this condition is not
satisfied the instrument will function as an ien counter instead ef a
cenductivity chamber, The saturatien veltage, Vs, can be worked eout by
equating the current, i, to the flow of iens through the tube, thus:
i = VWne
where: n is the nunber of ions per cubic metre

3 1

W is the rate of flow ih mlsec,

Equation (5) new becomes

A = &Wne
cv.
but .): nek

where k is the mobility of the iens, ef particular charge sign being

collected.
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o s Vs =§E

Ck
The capacity of the cylindrical cendenser can be seen to be of enough
Importance te justify its measurement accurately. The difficulty here is
presented by the fact that the Sapperti®) red collects seme of the iens and so
the effective capacity eof the system actually exposed to the air flew has
to be determined, This is net easy to calculate. Smith (1953) has
described a mathed for measuring this. quantity. The effective capacity, C,

consists of the capacity, Cq, of the fully exposed central roed and the

capaeity, C,, of the partially expesed supporting rod. C ’ is determined

2’
by teking the difference between twe measurements: the total capacity with
and without the central red. Under cenditiens ef coenstant cenductivity,
twe cenductivity readings are then made te find the effective part ef Co.

Tet i ] be the reading with the central rod and 12‘ the reading without the

central rod, Then the effective part of O, 18 given by

The capacity C, ¥as measured as.described abeve using an accurate Wayne
Kerr Universal Bridge and the effective capacity worked out te be 8,51 pF.
The measured capacities for both chambers agreed to within 1%. Thus with

: : -3 3 -1
a flow rate ef 260 cubic feet per hour (2,04 x 10 “m.” sec. ), a
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collecting potential of 7 volts, the fastest ion cempletely caught would

have a limiting mobility of 3 x 10-4 m? v:1 sec.ﬂ'

THE FIELD MILL

In erder to obtain a centinuous measurement of the potential gradient
a field mill was decided to be used, mainly befause of the censiderable

experience which the Durham research group has had with the instrument,

In the field mill a fixed vane - called the stater - is alternately
exposed to and shielded from the lines of ferce by an identical earthed
rotating vane - called the roter - , The highly insulated stater is
connected to earth through a high resistance. .As a result of the alternate
covering and uncevering of the staéor a charge proportional to the potential
gradient :I.Q alternat%aty bound and released on it, giving rise to an
alternating current through the high resistance. In the case of the
quadrant type of vane usually used, the alternating potential has a
triahgular wave form and a frequency four times that of the retation of
the rotor, This can be amplified, rectified and measured, However, the
alternating nature of the field mill oupput mikes it impessible to ascertain
the sign of the poetential gradient measured, For the determinatien of this

various methods have been used,
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THE HEAD UNIT

This contains the earthed retor and insulated stator, the electric

motor for driving the retér, a cathede follower teo enable a long cable
to be used to carry the signel to the amplifier and a power supply for

the cathoede follower,

The design of the head unit had to be planned in such a way as to

meke the interior as accessible as possible to facilitate easy maintenanoe

_and che&:ing in case of any break down, To achieve this the framewerk
. was constructed of angle iren welded together and completely cevered with
‘detachable aluminium sheets.

The stator and reter in the shape of e cress (Fig. 4) were cut
from brass and chromium plated to prevent correosion and coentact potentials,
The stator was mounted on four polystyrene insulaltc;rs, 2" Qiameter and 1"
leng, with an earthed guard ring round it to lnu'.nim:l.se the chances of
picking up any spuriecus signals. The rotor, firmly attached te the shaft
of a mains opérated, 3000 revolutions per minute synchronous moter was 5Smm,

above the stator and ceaxial with it. A spring leaded carben brush seated

in a cepper block boltbd te the case of the mill, made contact with the
motor shaft, thus ferming the earthing device. The stator was connected to
earth by screened cable, through the parallel combination of a 108 ohm
res-istor and a 100 pF capacitor,
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Tn order to match the high input impedance of the statof to the low
output impedance provideé By the cable carrying the signal to the
amplifier indeors the'alternafing voltage acress the resistor was fed
directly to the grid of a cathode follower (Fig. 5) using screened cable.
The-Mhl;ard EF86 valve was used fe? this purpese due teo its good
antimicrophonic preperties, while vibration was avoided by mognting the
valve on rubber fo;m. The heater voltage ahd H,T. for the cathode follower

were preovided by a transformer and metel rectifier, A "humdinger" was
connected across the heater supply. This consisted of a 100 ohm

potentiemeter, the slider of which was earthed. When adjusted, the hum
induced from the valve heater supply was reduced to a negligible preportion ,

ﬁains pick up was eliminated by screening the cathede fellewer frem its

power pack and the moter from both, The cables used were a screened three

core mains cable and a 60 yards length of ceaxizl cable te carry the

signal from the head unit to the amplifier,

IHE FIEDD MILL AMPLIFIFER
This was required to amplify the signal from the field mill so that

it can be recorded on a 1 mA. pen recorder, Owing teo the low fields to be
encountered during fine weather a three stage R-C coupled amplifier was

used (Fig. 6). The valves used in ell three stages were low noise pentode

valves EF86, while the output stage was a cathede feollewer valve ECCB1,

Negative feedback was applied through the cathode resistors of all the
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valves and across the resisters joining the anedes of the first three
valves, Mains pick up was almost completely got rid of by the use of a
apecial.' mains filter cireunit (Fig.. €) at the input of the dmplifier, All
-the precautions mentioned resulted in a pidk up level of 0,5 mV as

measured on the cathode ray oscillograph., The overall veltage amplificatien
was 1000. A orystsl diede 0C71 was used to rectify the current.

THE POWER SUPPLY
A coriventional circuit (Fig. 7 ) was used as a pewer supply for the
amplifier. Neon valves VR105 and VR150 were used for stabllisation purposes.

The output of 250 volts at 25 mA, thus remeined constant as the mains

voltage was varied between 200 and 280 volts,

SIGN DISCRIMINATION

As already mentiened the fi;ald mill ecutput can not indicate the sign
of the potential gradient measured, For the purpese ef the present |
investiga_l.tien it was decided to determine the sign of the field by a zere
displacement method as this could easily be backed off in the continuous
balance circuit used for giving the cerrect petential of the surreundings.
This was doene by app.ly:i.ng a knewn potential on a plate, held ene inch above
the rotor. The pétential on the plate of 30 velts was big enough to make
the effect of any contact petentials negligible and could enable negative

: -1
fields of ~200 v.m. o be detected. It is to be mentioned here that since
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measurements were taken in fine weather, negative fields were not expected

to be encountered, except perhaps in the relatively few occasiens when

such negative fields do prevail in perfect cloudless days due to such things

as pylons as found by Chalmers (1952), etc. Besides it would be very

unreliable to lock at the sky and decide whether the potential gradieht

‘was positive or negative, Hence the zero was not displaced very much as

it is ususl by this methed to displace the zere by the amount carresponéing

to the largest negative potential gradient value te be measured.

THE POTENTTAT LANCING v

The instrument used for this purpese is the continueus balance unit
of a Honeywell Brown Electrenics chart recorder. 1In its eriginal form the
balancing system continuously cempares an input emf generated by a
thermecouple, or.other D,C., seurce, to an emf’ of knewn value supplied by
the inatrument. This is accomplished by a potentiometer method whereby the
thermocouple woltage is measured against the slide wire voltage, which is
maintained constant by a zener diede regulater unit, Any @ifferenoe
between the thermocouple voltage and the potentiometer slide is converted
inte A.C. by a vibrating reed and then amplified, first in veltagg and
then in power, This amplified output actuates a servo motor which drives

the slide to the correct potential.

The conversion of any unbalanced D.C. woltage to an alternating
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voltage eof proportionai magnitﬁﬂe' is accomplished by a converter and a
specially designed input transfermer. The cenverter is essentially a flat
metal reed which is made te oscillate between twe contacts cennected teo
the oppesite ends of the primary winding on the input transfermer, by the
action of the combined fields ef a permanent megnet and a ceil energi'zea

by line voltage (Fig. 8). When the ceil is energiszed, the tip of the reed
is polarised alternately N and S at line fequency., The reed is attracted

to the magnet pole of eppesite polarity, Censequently, the reed oscillates
in synchrenism with this line frequency. The unbalanced D.C. is impressed

scross the converter and the centre tap of the primary winding on the
input transformer., Thus, as the. vibrating reed moves from one contact .
to the other, any unbalanced D,C., veoltage will cause .direct current to flow _

first in ene directien through’ one half eof the primary winding, then in
the eppesite direction threugh the other half of the primary winding. This

action generates.an alternating flux in the input transfermer core witich
in tuwrn induces an alternating volt;age on the transfermer secondary, The
alternating weltage thus cregfed is timed with the A.C. supply voitage in
such a way t.hat a change in the thermoceuple D,.C. veoltage operates the

balancing motor in the proper directien to balance the circuit,

The balancing moter is a reversible, two phase inductien meoter, one

phase of which is continuously energized by line voltage and the other by
the amplified veltage; the direction of rotation of the motor thus depends

on the phase reldationship or timing ef the twe motor supply voltages.
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The sensitivity of the amplifier can be varied, the motor respending te a
minimum change in input of 0,03 mV at maximum sensitivity. The slide

travels from ene end eof the wire to the other in 12 secends,

For the balancing system to be of any use in maintaini;ng the
potential of the surroundings in the atmosphere during fine w.eather, the
voltage across the slide wire must be of the eﬁer of a few hundred times
that eriginally applied by the mekers, This would mean that the original
slide wire would not be able te carry the high current drawn from the high
tension supply and se it must be replaced by one of high enough resistance,
Unfertunately ne wire of such a high resistance and of the desired length
could be obtained. The problem was first tackled by Smiddy and Chal.mers
(1958) who wanted the instrument te balance centinuously the outputs frem
a double field mill and thus bring and keep the mill at the potential of
the amurreundings. Te de this the eriginal slide wire supplied with the
instrument had te be replaced by a compesite resistance constructed on a
tufnel strip fitting in the recerder in place of the wire, This censiated
of 101, 10 B,A, belts 'separated from one another by a gap of 1/64" so that
i:he slide can move smoothly over the bolt heads, This made it impessible
to held the bolts in position by means of nuts and so the holes for the
bolts in the tufnol strip were accurately drilled and tapped. Te the
reverse side of the 'l;elt heads 100, 10,000 ohms resisters were carefully

soldered in series, In operation, 3 of the centacts at one end and 4 at



the other had te be sgarted out te bring the pen zero and full scele in
coincidence with zere and maximum veltage. Thus the wire had an effective

resistance of 930,000 ohms,

For Smiddy's purpese it was then just a matter of feeding the two
outputs of his double field mill inte the input terminalsl A and B (Pig. 8)
l of the centinuocus balance unit. For the purpose of the present investigation
l the output of a field mill at ground level is required te be fed inte the

continueus balance unit such that the poténtial ef the surroundings can be
maintained centinuously at the correct value, at any of twe heights above

-thé ground = namely 20 cim, and 100 ¢m., The use of a field mill at ground
level for this piirpose is Justified b_y' the many measurements made by
previous woerkers shewing that the field wililé remains practically constant
in the lowest few metres above the ground. This was achieved by feeding
the field mill output at terminal A and comparing it with a very smell
fraction of the slider voltage fed at B as shown in Fig. (8). The 70M
ohms resistor had te be included so that the fl.inearity of @he cempesite
resistance is not affected. The amall tapping resistance itself is a

variable one to facilitate the acourate adjustment of the slider veltage

to that appropriate fer the height required, The Lmfd capaciter across
the imput at A was found necessary to filter out any stray A.C. frem the

field mill amplifier te which the centimwous balance circuit is very

sensitive, The methed eof sign discrimination used in the field mill,




already described on page 25, displaces the zero by a certain amount. This

was backed off at A by a suitable external potentiometer circuit.

THE GAS METERS

For the measurement of the rate of flow of air threughx;enductivity
chambers, twe gas meters (one fer each chamber) were purchased frem the
Northern Gas Beard, The capacity of each meter is 40O cubic feet per hour
and the accuracy claimed by the Beard is 0.5 #. As these were connected

to the conductivity chambers in the field seme 60 yewdls away from the
recording room it was found cenvenient to menitor their reading in such a

way that a check of the flow rate could be made indeers., This was

achieved by making the rotating arm of the gas meter clese a micreswitch
especially fitted in the gas meter, The microeswitch ifseif‘ was part of a
series cirocuit consisting of a 12V supply and a lamp indeors. This resulted
in 5 flashes ef the lamp fer every twe cubic feet of air sucked through,

which ceuld be accurately timed with a stop watch,

THE SUCTION FAN

The suctien fan was a "Hoover Constellation" mains operated motor
and fan assembled by Hoever Ltd. This was then encased in a brass cylinder
with a 1" intake and a 1" exhaust, A "Y" shaped adapter comnected by 1"

rubber tubing to beth chambers enabled the fan to suck air through beth.
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The capacity of the fan (53 cubic féet per minute) was toe great for the
rate of flow required and so it was run at the reduced woltage of 50V while
finer adjustment was made by manipulating jwbilee clips placed reund the

rubber tubes Joinihg the fan to the gas meters.

RECORDING _
The early part of the work, mainly during the time ef testing the
apparatus, was recorded photographically. This was der-.xe by reflecting the
;I.ight from oritically damped gelvanometers on to the slit of a slow
rotating drum camera carrying 120 mm, sensitised paper. A "fogging lamp"
was placed in front of the camera and was switched off for 3 seconds every
half minute by a suitable cnm‘rotated by a synchreneus cleck moter, This
has the effect ef giving a grey background en which white lines are produced
by marks scratched en the camera lens, These white lines enable deflections
caused by movement of the light te be measured accurately. The marks on
the lens are usually arranged to give lines 1mm. apart when the "fogging
lamp" is 50 em, from the paper in the camera., As a result of the "fogging
lamp" alse, white lines are preduced en the film at half minute intervals

and these act as a time scale,

Fortunately, by the time the apparatus was ready for taking

measurements on the ‘site a pen recorder used by a fellow research student

became available and was taken over by the auther. This was a four channel






2.

pen recerder manufactured b-y Everett Edgcumbe and Co, Ltd, It consisted

of four entirely independent pen units writing en a chart driven by a mains
eperated synchroneus meter. Each unit was essentially a moving ceil, D.C.
milliammeter, of high sensitivity, having a full scale deflection of 1 mA,

The galvanemeter response time is 0.5 seconds,

THE INSTRUMENT. PANEL

The vibrating reed electrameter indicater units, field m:.].l emplifier
and power pack, gas meter moeniter light bulbs, pen recorder and a plug
board were all mounted on a 16" steel rack as shown (Fig. 9). Te the right
ef the rack can be seen the Honeywell Brewn recerder, the continuous
balance unit of which was used to maintain the petential of the surreoundings

as already described,
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CHAPTER IV
INSTALLATION, PERFORMANCE AND CALIBRATTION
THE SITE |
The site chosen for the investigetion was a field near Durham
University Observatery. The Observatery building stands on a hill 120
metres above sea level and abeout one kilemeter to the west of Durham City.
It is surrounded, for the mest part, by agricultural land and is well away
from large sources ef atmespheric pellutien. About 30 yards due west of
the building is a large field where instruments fer the irvestigatien eof

atmespheric electric parameters are ususlly erected,

THE CONDUCTIVITY CHAMBERS PIT

At a distance ef 30 yards frem the edge of the field nearest te the
Observatery building a pit 7' x 5' x 4' was dug to house the twe
cenductivity chambers, gas meters and suction fan, The four walls ef the
pit were brick lined and plastered with cement. Underneath the fleer to
a depth of twe feet a Band bed was made befere it was finally concreted.
This was done te stop any moisture reaching the fleer. At the apprepriate
height above the fleer a cencrete shelf 15" x 15" was made en which the
suction fan was placed. Immediately behind the shelf a .1ead pipe 1" in
diameter carried the exhaust through the pit wall 20 yards behind, A
short length of rubber tubing at the end of the exhaust pipe enabled the

exhaust to be always downwind, thus ensuring that the air expelled weuld






net re-enter the cenductivity chambers, On either side of the pit a 4 ft,
320 watts tubulsr heater was mounted on the floer. This was feiind
necessﬁry to keep away any moisture which otherwise might cause an insula-
tion breakdown in the high insulation circuitery of the wibrating reed
electrometer head units or the éenﬂuctivity chambers, Cables were run from
the Observatory. to the edge of the field through a concrete duct and from
there to the pit they lay on "I'" shaped "handy angle" carriers. These
would stop them beihg overgrown or acclidentally cut when the field was
mown, The "handy angle" carriers rose about 10" above ground, the nearest
one to the pit being 10 ft, away, and'sé did net cause any Qerious
distertion of the lines of force. The cables were led inte the pit threugh
a 4" 'L' shaped élazed pipe, the latter being tightly clesed with a weoden

lid@ te stop eny precipitation from entering the pit.

The two conductivity chambers and their electremeter head units were
fixed side by side on to a wooden bddid, with their intakes 8" apart. The
whole beard was. then firmly fixed te a vertical "handy angle" frame
concreted te the centre of the fleor such that the two intakes were vertical
and flush with the ground. 6onnectian to the gas meters and the suction
fan behind was then made with 1" rubber tubing. Fig. (10) is a photograph
showing the inside of the open pit and the carbeard tubes when the pit is

closed, The plt was covered with twoe woeden hinged cellar type doers.
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At the appropriate places two. circular holes 2{¥." diameter were cut inte
the doers to enable the introduction of cardboard tubes over the

conductivity chambers intakes se that the required sign of conductiwity
could be measured at the required height. When not in use, the conductivity
intake tubes were covered with aluminium tins and the wooden doers were
clesed, As a further precaut:f;on against any precipitatien entering the

pit through the doors, a large waterpreef tarpaulin cover 12' x 8' hinged

at the corners cevered the whele pit as well as the 4" glazed pipe admitting

the eables inte the pit., The arrangement proved to be extremely effective,

THE FTELD MILI PIT

As the potential gradient was required te be measured at ground levél,
a concrete pit 18" x 18! x 16" was made 4 yards from the nearest
conductivity chamber and due south of it. A amell "handy angle" frame
concreted to the floor of the pit enabled the field mill to be firmly fixed
in pesitien en a shelf with the rotor almest flush with the ground., A
mains cable was led inte the pit from the cenductivity chambers pit nearby.
This was required for running the meter and supplying power and heater
voltage to the cathode follower within the mill. A 75 watts 24,0V A.C.
light bulb enclosed in a small earthed aluminium bex with a number of 4 B.A.
clearance holes all round it, was fixed te the central "handy angle" frame,

This previded enough heat to keep the surfaces of the pelystyrene

insulators supperting the stater, free from moisture and therefore maintain
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its high insulation properties, An earthed'alunu'.nimn sheet level with the
ground covered the pit and a central heole in it exposed@ the rotor to the
embient potential gradient (Fig. 11). When net in use a large aluminium
sheet oovered the whole pit and thus kept all precipitation from entering
it. A coaxial cable frem the mill carried the signal to the amplifier

indoors,

THE_CONDUCTIVITY CHAMBERS

Since the two chambers were to 'be-usad in comparing conductivities

of opposite signs at the same level or those of the same sign at different
levels, it was necessary to meke .sure that under identical conditiens both
gave the same reading for the same sign of conductivity measured. Tests
in the laberatery, first ﬁear a-. window and later near a door, have shown
differencies as high as 6%. This was very surprising because the measured
capacities agreed to within 1%. It was therefore decided that this might
have been due fe turbulence in the air inside the laboratory and se the
experiment was repeated with both chambers - intakes 8" apart - on a field
nearby. Agreement to 1% v.vas then found as well as an extremely high

coerrelation,

The necessity of the chambers to be in a pit underground made it

obvieus that the smaller the pit the less expensive it would cost to make,
and the more efficient it would be to keep it dry and clean, With this in



mind it was at Pirst envisaged that the chambers could be mounted
ﬁorizentally with right angled elbows at the intakes, It was feared that
the arrangement might resiilt in the loss of ions of boeth sigﬁs due to
turbulence in the bend, To test this, one chamber was fitted with a right
angled elbow and the other was left without an elbow, but adjusted so that
its inteke was at the same level and 8" away from the elbow intake., With
conditions otherwise identical, the reading from the chamber with the elbew
was as much as 25% lower than that witheut, The experiment was repeated
ﬁany times using different rates of flew but in no case was the difference
between the two less than’15%. It has been suggested that the loss eof iens
could be very much reduced if the verticsl end of the elbow had a funnel
shaped intske., This when tried showed a slight imprevement and it was then
thought that perhaps the diameter of the funnel as well as its height were
critical., So the decision was made to mount the chambers vertically in a

big pit rather than indulge in trial and errer.experiments in aerodynamics,

A further possible errer found necessary to investigate was the
abserbtien er combination of ions in their passage aleng the caé@eard tube,
This was dene by slipping a cardboard tube one metre leng over one chamber
and raising the other one so that its intake was level with the top of the
intake tube., The potential at both intakes was maintained at the cerrect
value of the surroundings. Then the conductivity of one sign was measured,

The experiment was repeated many times and again carried out a number of
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times for the conductivity ef the other sign., Results showed that for beth '

positive and negative ions differencies in the readings of both chambers
never exceeded 1%. It was therefore decided that ne correctien was

necessafiy en account of the cardbeard tube,

THE FIELD MTLL

Né snags were encountered with the field mill and its performance

was very satisfactory. Calibratien was made :Ln situ by applying knewn
petentials to an insulated calibration plate held 50 cm. abeve the retor.
The oﬂibrat.ion plate e.area of _or;e' q;mre metre was big enough for any edge
effects te matter. Fig. (12) shows the calibratien curvé. The field mill
head unit is sensitive to all electrostatic - fields including those set up

within itself by contaot petentials and accumulatiens of surface charge,

- Since these parameters can be quite variable and since the fain of the

electrenic gmplifier can pessibly vary, frequent checks of zero level and
sensitivity are essential, These were generally made at the start of each
recording and-consisted of covering the -mill with the insulated calibratien
plate which was first earthed and then raised te a known petential (usually
the potential which gives rise teo a half scale dgflection on the field mill
channel en the recorder), Any necessary adjustment was then made by the
potentiometér by way of which the veltage is applied te displace the zere

asz;eans of sign discrimination already described.



THE VIBRATING REED ELECTROMETERS

Apart from infrequent insulation breakdewns due te dampness these
instruments 'behavéd satisfactorily., However, in the early pa'rt of the
wérk considerable trouble was enceuntered which was later traced to be due
te piezoelectricity produced in the cable Joining the eoilecting rod in the
chamber to the input termi:nal of the head unit., This was overcome by
soldering the ends of the two 'Plessey' plugs concerned te the twe ends of
a bent copper pipe 1/2" in diameter, and passing an antimicrophon cable
through it, This provided a direct rigid cennection and cempletely

eliminated the trouble,

In order to maintain a goed gzero stability the manufacturers

recommend that the instrument should be switched on fer at least 24 hours
bafereA:rged. As measurements to be made could not pessibly be ascertained
2l heurs in sdvance, the instruments were left switched en threughout the
period of the investigation, The day to day zero stability of better than
4% mV claimed by the manufacturers was in fact maintained and sero checks

were only made et intervals of roughly ence a week,



CHAPTER V

THE STATISTICAL PRINCIPLES INVOLVED

The nature of the parameters invelved in this investigatioen is such
that a statistical analysis is about the only logicel way of dealing with
them, Like all atmoespheric electric parameters cenditions can not be
controlled at will nor can they be reproduced accurately - or even
approximately - for purposes of comparison., Furthermore the two parameters
being measured - potential gradient and conductivity = vary from day to
day and indeed from minute to minute. Hence the following brief survey

of the general principles invelved will now be given,

SAMPTE STATISTECS

Sempling is the selectien of a proeportion of the populatien te obtain
information cencerning the nature of that. population. The -primary task
in embarking on a sampling inquiry is to derive statistics which yield
the information requifed about the populatien. Consequently the main
line of endeavour in such cases lies in estimating with the greatest
accuracy (which is largely a matter of choosing the right statistics and
minimising sampling variability), or in ensuring that sufficient material
is available to enable the requisite comparisens te be made with
significance (which is largely a matter of ﬂple size and selecting the

most suitable tests of significance). Nothing can alter an existing
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pepulation and theory will, as a rule, only- react on the sampling process

| by indicating, for example, that the sampling must be random.

ESTIMATION AND CONFIDENCE LIMITS

Statistics aim at estimaiing the value of a parameter in the parent
from the infermatien given by the sample, provided that the sample is
! drawn in an unbiased manner. Iet us consider what v.‘re mean by "estimatien",
We know, or assume as a werking hypothesis, that the parent population is
disfributed in a form which wouldtgompihetely determinate if we knew the
m

value of some parameter @ . Given a sample of values x, , X, , X35 see X

we require to determine, with the aid ef the x's, a number which can be

teken to be the value of § , or a range of numbers which can be taken teo

include that wvalue,

A single sample, considered by itself, may be rather improbable,.and
any estimate based on it may therefere differ censiderably from the true
value of @ . It appears, therefere, that we cannet expect te find any
methed of estimation which can be guaranteed to give us a close estimation
of § on every occasion and for every se;mple. We must be content with
formulating a rule whith will be the best possible in the sense that it
will have a high probability ef being correct in the long run., .Thus we
have to regard our method of estimation as generating a population of

estimates and to assess its merits accerding to the properties of this




population, The formula used to mzke an estimate is called the Estimater

" and the value reached by using the formula is called the estimate. In

general the accuracy of an Estimator inecreases with the number of items
in the sample data, A good Estimator will be unbiased and will converge
more and more closely (in the long run) on the true value as the sample

size increases,

Let us now consider the specification of the intergal within which
the true value being estimated may be said to lie with a specified

probability, This is dene by referring the distribution to the Normal

Scale, where the probability of a deviatien of up to one standard deviation

on either side of the mean is 68%. This means that the pepulation mean
can be taken to lie in the range of one standard deviation either way,
the confidence in this claim being expressed by saying that in a long
series of estimates of this kind, if we were to use exactly the same sort
of argument, we should expect to be correct 68% of the time. If we allew
two standard deviations on either side of the mean then referring te the
Normal Scale we find that in this range the probability increasés to

95% i.e., we could now hope to be correct in 95 out of every 100 such
predictiohs., Similarly with three standerd deviations en either side the
probability becemes 99,7%. The statisticiah can never i)e certain of the
correctness of his estimate of a parameter or any other conclusien based

en sample data, Any inference or conclusion based on sample data is made
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at a specified level of confidence, usually at the 95% level,

A %ime Series is a series of values assumed by a variable at different
points of time., Let us consiéer only cases where the “ariable is
univariate and dencte its value at time ¢ by Uy The study of such seriés
forms an important branch of statistics because the majority ef types of
time variation encountered in practice are net of the regular functional
type in which u, can be represented exactly by a mathematical funetien
of t. They present in some degree those irregularities of a random
character which can only be discussed in terms of probability. In general
it is possible to observe a time variable at any instant, and thus the
temporal intervals between successive members of the series need not be
the same. Practive and theony alike, however, usually require the
obse*vations to eccur at regular intervals, It must het be overlooked
that the method of determining the values of the series at fixed equal
intervals of time may suppress evidence of oscillatory meovements which
have a period equal to these intervals or to some submulbiple of them,
Sometimes, in fact, it is known that oscillation exists in a series, and

the interval is se chosen toe exclude them from consideration,

A general survey of time series suggests that the typical time series

may be regarded as compeosed of three parts:




(a) a trend, or long term movement

(b) an oscillatien abeut the trend of greater or less regularity

(c) a randem, irregular or unsystematic component.
It is customary to regard the series as composed of these three elements
superposed on one another. In other words, the movement of the series
is considered as the sum ef three different components which may be
generated by different casual systems., Particular series, of course, need
net exhibit them all and can be entirely one er the other, The primery
problem of time series analysis from the statistical point of view is to

isolate the three parts for individual study,

AUTOCORRELATION

Hpving isolated the "trend" and "escillation" factors, the series will
then be ene which presents - in general - fluctuations ef a more or leas
reguler kind, The gquestion now arises as te whether the sslection of ene
value from the populatien would bias the chances of any other fer inclusion.
It will now be required te determine the period ovef which observatiens
must be combined to get a set of them which is independent. This is dane
by looking at the correlation ceefficient of the record esgainst itself with
various time lags. Such a procedure is ocalled autocorrelation, The time
lag interval necessary to give a corfelatien coefficient which is
insignificant at the 95% level is known as the correlatien length. Those
values of the series which are separated by a time interval in excess of the

correlation length may be regarded as independent of one another,
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; CHAPTER VI

j ANALYSIS AND DESCRTPTION OF RESULTS

The following investigations were carried out' in fair weather conditions:
(a) simultaneous measurement eof the pesitive cenductivity and the negative

J conductivity at ground level .

(b) simultaneous measurement of the pesitive cenductivity at ground level
and the positive cemductivity at (i) 20 cm., (ii) 100 cm., above the

ground-

(c¢) simultaneous measurement of the negetive conductivity at ground level
and the negative conductivity at (i) 20 em., (ii) 100 cm., above the

ground,

It is to be neted that for the purpese of undergeing investigations
(b) and (c) air from the appropviate level was sucked into one of the
cenductivity chambers through a vertical cardbeard tube of that height
tightly fitting the outer cylinder of the chamber. The introduction ef
the tube in this manner would no doubt distert the lines of force. Te
correct for this the intake of the cardboard tube was surrounded by a
narrow aluminium band centinuously maintained at the right potential
of the surroundings by utilising the output of a field mill at ground

level and the continuous balance arrangement, already described (page 26 )e




Since recording was always made in fair weather cenditions the peried
of continuous recording varied from one hour to four hours depending on
the state of the weather, Recerds of duratien less than an hour er so
were rejected from the analysis in order te satisfy certain statistical
requirements., The records of conductivity and potential gradient were read
at minute intervals from the recording chart prior to analysing them in

the way to be described.

IHE COMPUTER PROGRAMME

The nature of the data to be analysed is such that the "trend' and
'oscillation' factors, already mentiened as typical of many time series,
cen be ruleé& out., This being the case autocorrelation could be done,
Oving to the tedious mathematical work invelved it was decided to make
use of the University Elliett 803 cemputer, The programme required woeuld
be one which would enable the cerrelation length te be determined, The
value of the cerrelation length se determined will have to be used to
group the individual observations in the record inte groups with an interval
equal .to the correlation length, The mean value of each group would then
have to be determined, giving in effect one independent value in that
record of observatioens, Finally, the mean of all the independent values
is worked out. AS two sets of data are usually investigated (i.e. either
the pelar conductivities of the same sign at different heights, or the

polar conductivities of opposite sign at the same level), the whole
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- 139
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e - G
4 o.z;g o: og -0:169
2 0.217 0+220 0-169
- 0003 0-003 0-170
g =0¢174 =0-176 8.1;1
=0.12] =~0.128 «1]
9 0«0 0-009 0172
10 =0.011 =0.011 0+173
11 =0.094 =0.094 0173

12 =0+137 =0.138 0174

13 =0e1 0.1 0-175
097 0.175

15 =0¢141 =0+142 0-176

1 -0+176 —0.178 0.177°

17  =0.150 =0s351  0e17

18 =0.078 <=0.078  0.1]

10 . 0-139
20 =0e110 =0.110 0-180

2

1 04683 0836 ‘0167

2 -0s500 0549 0«16

3 0435 0466 016
4 0350 0365 04169
2 0259 0+26 0.169
0+089 0.08 0.170

7 =D+018  =0+018 0.171

! 8 04065 ~0.065 0171
- 9 =0.010 +0+010 0172
- 10  -0«130 =0.131 0-173
11 <0279 0.2 0.173
12 *0e297 =0.30 0.174

13  =0.271 =0.278 0-175

14 =0+299 =0¢308 - 0-17

15 =0e301 =0311 0.176
16 -o-zza ~0.286 0-177

17 ~=0.284 —0.293 017

18 =0e152 =Qe154 017
19 -0.034 =0.034 o-139
20 ~Ds055 =0+055 0. 180

ENO= 23 _
664500 51-167

57500 39.000
52.000 zs-goo
46500 28.833

53029
34.638 $NORE -DATA PLEASE
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operation has to be repeated for the other set of data.

At first it appeared as if two programmes would be required, one for
working out the cerrelation length and the other fer weorking out the
effective observations, This weuld have meant putting in the same data
twice. Then it was realised that a lot of computer time could be saved
by combining the tweo pr@g:-ra.l.nmes into one with a "data wait" i#nstruction
between them. (For actual programme see Append:.xI.) By having the output
of the autocerrelation part of the programme on the teleprinter the
correlation length can be decided at a glance, This is then punched out
while the cemputer is "waiting" and fed in as the necessary interval
required for the second part of the pregremme for going through the same

data and grouping them as well as caloculating.their means.

A typicel data sheet is shewn in Table I which ref;ers to a record of
positive and negative cenductivities measured at ground level, The number
(139) at the top is the total nuiber of observatiens (N) in the recorid
taken at one minute intervals, R is the correlation coeefficient andZ is
a normalised value of -R. The use of Z enables the correlation 1engtin to
be decided immediately, without having te refer to Tables as i1s usually
the case, because when the value of Z is less than the corresponding value
shown under the 95% level celumn, then R ceases te be significant., Thus

in the example shown the cerrelation length is 6, Feeding this figure
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POSITIVE CONDUCTIVITY AT GROUND LEVEL &

POSITIVE CONDUCTIVITY AT 1 HETRE ABOVE GROUND
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STANDARD  DeviaTon = 6.03
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enabled the computer to calculate the effective observations (ENO) in the

record as well as their mean.

DESCRIFTION OF RESULTS

The results are presented in tabular form (Tables 2 - 6), from which
the following points are derived:

(i_) the positive conductivity measured at ground level is always greater
than the negative cemiuctivity at the same level, with a mean ratioe
of positive to negative of 1.43. Talde &

(ii) the pesitive cenductivity decreases with height in the first metre
abeve the ground, the decrease being relatively rapid in the first
20 cm, The mean ratios of the pesitive conductivity at ground to
that at 20 cm. and 100 cm. are 1.21 and 1.28 respectively -

(iii)the negative conductivity also decreases with height in the first
metre above groudd, the decrease being relatively slow 1n the first
20 om, The mean ratios of the negative cenductivijy at grouna to
that at 20 cm. and 100 om, are 1.15 and 1.28 respectively.

(iv) the total conductivity was never constant over the whole range of
the investigatioen.

(v) the ratios of the conductivities investigated are affected by the
wind speed.

(vi) en two occasions during the winter menths the potential gradient

was highly positive with values between 300 and 400 v.mf| As a result
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both polar  conductivities measured at zround level decreased, with

the negative conductivity having values:just greater than zero (Fig. 13);
(vii)én a number of occasiens both pelar canductivities were found to have :

extremely high values (geing off scale at times) which fluctuated

quite irregularly (Pig. 14). A cleser look has revealed that in all

such occasiens the wind was blowing from the East. An eaéterly wind

would blew from Durham City and so, if anythihg, the cendﬁctivity

would be expected to decrease, Neo logical explanatiéh could be

given for this,
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CHAPTER VIZI

DISCUSSION OF THE RESULTS

QUALITATIVE CONCLUSIGNS

By the time the equipment was censtructed, tested and installed on
site it was late spring inh 1964. Recording started from June, 1964 and
continued until July, 1965. This made it possible. to make measurements
during the four seasons eof a yéar. Recerds have brought eut the foellewing
qualitative conclusions:

Seaseng.?l. W_Tariati@n:

The conductivity was found te reach a maximum during the summer
apd fell off to a minimum during the winter menths. Thia may be .
.attributed to the variation of atmoespheric pollu-tien. This is maximum
during the winter when fog and mist are frequently enceuntered as well as
smoke from demestic f'ireg. All these sources of pellutien cause a large
decrease in the number of small ions and hence a corresponding reduction
in the _ cenductivity;
Diurnel Variation:

The cenductivity remained fairly constant during any one day drepping
in the late afterncon er early evening. In fact an early morning maximum
is generally reperted., Here again air pollutien is the main facter

responsible for the observed variation.,
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RELATTON TO WEATHER:

A considerable lewering of the conductivity wes noted whenever the
air was misty and damp; aclarge number of the small ions being then
attached to large ions or Aitken nuclei. The.cenductivity in clean, dry

air was comparatively very much greater,

RELATION TO POTENTTAT, GRADIENT:

When conductivity changes eccurred the potential gradient generally
followed the well knewn inverse relatienship with conductivity, Hewever,
there were times when shert period variations in the cenductivity did not
affect the petential gradient at the surface. This is probably due te ‘the
sudden intreduction of a small pocket of air whese conductivity differs

from that eof its enviroenment; such a mass of air would net cause rapid

changes in the petential gradient because of the relaxatien effect.

DISCUSSION The fact that the positive cenductivity is always greater
than the negafive conductivity at ground level implies the existence af

a positive space charge. This is to be expected since very clese to the
earth's surface there is the effect of the « rays frem the outermoest layers
of the earth and the ionised air diffusing eut of the ground, Chalmers
(1957) peints out that the latter centains an excess of pesitive ions
because the relatively greater mebility and diffusion coefficient ef the

negative ions make them so readily drawn into the interstices of the ground,
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Also the fine weather positive potential gradient tends to drive pesitive
ions towards the ground and negative ions away from it. The positive
space charge at the ground found in the present investigation is in goed
agreement with the findings of Law (1963). The agreement is not so good
with the results of Hogg (1939b). According te Hogg the negative
conductivity at the surface is always very neerly zero, This is what one
would expect f.rem.an electrode effe.ct where no ions are coming out of the
ground and for perfectly still air in conditions of uniferm ionisatien.
These ideal conditions are seldem found over land, It is to 5e noted,
hev;ever, that I-'I_egg undertoock most of his investigations at Kew during the
winter moenths of 1937 - 1938, which he himself deseribed as.'"neteriously
foggy". Kew is a very highly polluted area and so 1t is net surprising
to note that Hogg quoted an average potential gradient value during the
period of investigation of 500 v.m-..‘| On -the very fe¥ occasions in the
present investigation when the petential gradient exceeded 300 v.m-.-1

the negative conductivity decreased very nearly te zero (Fig. 13). It
thus seems reasonable to suggest that the very lew values of negafive
conductivity found by Hogg are a direot result of the high potential
gradients encountered, presumably due te the high degree of pollutien in
Kew..' Under such cenditiens the great abundence of large ions. and nuclei
suffices to remove the relatively less abundant small negative iens near
the ground., This process no doubt alse exists during the periods of the

usually small pesitive potehtial gradients which dominate fair weather
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conditions. But in this case the number of large ions and nuclei is far

too small to enhance the electrode effect.

The obeerved decrease of both cenductivities with height in the lowest
metre of the atmeSPhére can be explained in terms of ionisation near the
ground due to the radioactivity of the soil and the radieactive gases
derived therefrem, Thed rays from the seil are likely to be mainly
effective in the first few centimetres of the air abeve the surface,
whereas the effect of the more penetrating B particles can extend further
upwards te about 30 cm. or so. The rate at whitth the radicactive gases
emerge ffem the ground depends on atmospheric pressure and the eonditio_n
of the seoil, Turbulent diffusion in the atmosphere disperses the gas whose
greatest concentration can thus be expected near the ground. Pierce (1958)
showed that the rate of production of ions due te radiogctivity'décr.éases
from about 60q at 1 em. abeve the surface, to abe'ut 8q at one mefre above,
Law (1963) found that the number of small iens, beth pesitive and negative,
deéreased with height above the ground up to 150 cm. Hogg (1939b) on the
other hand feund the positive cenductivity to decrease in the first metre
upwards, but the negative conductivity to increase slightly. This is
perhaps to be -expected in the normel fine weather potential gradient of the

atmosphere if no negative ions are coming out of the ground,

Although the wind speed was not simultanously recorded with the
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cenductivity and potential gradient, a.mean'value during the period of
recoerding could be ta.ken- from the observatory anemometer records. As it
turned out the great majority ef records were taken when the vwind Bf»;ed

was less than about 6 m.sec:1 On very few occasions the wind speed wa'as in -
the range 8 - 15 m..sec_::1 Although an exact cerrelai_:ioh with wind ceuld not
be made the Pesults do show that the cenductivity is very slightly affected
by wind speed va:f:i_.ations in the range of up to about 6 m.seo'.'", In very

calm cenditions, hewever, the raties of positive and riegative conductivities -
to the cerresponding values higher up increased appreciably., A similar
increase was also noted in the case of the pelajy conductivities measured

at ground level, Graphs of thé -different ratios of conductivities B
investigated against wind sPeeé ‘are pletted in Fig. 15, It must be

- remembered that the observatory anemometer is about 50 yards away froem the
recerding site and stands at a height of 35 ft. above ground., 4ilso, the
wind=ﬁireétien must be teken into account as some parts of the site are

more exposed than others. However, it is reasonable to conclude that wind
plays an important role in mixing in the lewer layers of the fatmasphe're.

Also, the general tendency of the ratios to increase as the wind speed
decreases, as brought out by the graphs, seem.s to suggest that calm cenditioens

are essential foer the enhancement of th_e electrode effect.

CONCLUSION, Ionisation in the lowest metre of the atmesphere at Durham

is.not uniforin, but decreases with height, owing to the effect of the
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i radiocactivity of the soil. This..resul_ts in the total conductivity being

‘ variable in a similar manner. The variation. of the radioactive emanation
in the air is dir.e-_ctly affected by the role which the wind plays in the
mixing of the air, In most conditiens overland these effects. combine
against the eﬁh_ar_;oement of the electrode effect. It is for this reasen
that an enhanced electrod-e effect conld only be found over lakes (Muhleisen,
1961) or in Greenland ice cap (Ruhnke, 1962), A strong manifestation of
the effect was reported by Crozier (1963) in the New Mexico semidesert

during night time periods of very lew wind velocity,




APPENDIX I
AUTOCORRELAT!ON / KeHIGAZI '

BEGI N '
REAL SUM1,SUM2, LSUM1, LSUN2, SUA 1, SUNA2, PROD, R, 2, LEVEL,
MEANX, . MEANY, POS, NEG' .
INTEGER Jo KiDy L3 No I NT, ENOV4B*
REAL ARRAY Xc112, 11 300>
1TCH 8S1ml NPUT; CALGULATE'

-J‘l -1-?

I NPUT:

* READ XC1s42».XC2y )"
IF XC139> LESS 0 THEN GOTO CALCULATE'
Jimyg+1? GgoTO INFUT

CALCULATE:
Ni=J=1' PRINT N; £
uqurRi:sarznssrssx L!VEI..T'
FeR Dim4,2 DO-

BEGI N
SUMA1 1=8UMA23m0"
FOR Jiai STEP 1 UNTIL N DO
BEGI N
SUMA 1 1nSUMA14X(D, 3"

§UHA2I-SUHA2+XCD. deu2!

FOR L8-1 STEP 1 UNTIL 20 DO
BEGIN

PROD: =g’ )
FOR Ji=i STEP 1 UNTIL (N-L) DO
BEGI N - . :
EM-)I:ROD:qPROD*X(D.J)OX(D.J"'L)'
suu‘m.-usum:-sum;'
SUM2:mLSUM2:=SUMA2
IF L GR 0 THEN
FOR K:=1 STEP 1 UNTIL L po
BEGIN
. suma-sum-xco. CN=K+1)>*
SUM23 sSUN2=X(D, cn-x+1n--z‘
LSUM12 sLSUMT=XCD, K> "
LSUM21 aLSUM2=XC Do K)ve2"!
END'
R$=(PROD-CSUMASLSUH1)/CN-L)>>/
SORchsuuz-csum--2>/cN-L>>-<Lsunz-<l.sun1--23/<N-L>>>
Zs=LNCC1+RY/C1=R)> /2"
] LEVEL: =1.96/SQRT(N-L)*
PRINT PUNCHCJ)e DIGITS (2D Lo PREFIXCLESI 223, ALIGNEDC1s 325
R.AElﬁ:)GNEDCHJ)-Z.ALIGNEDH‘ 353 LEVEL - -

PRI NT PUNGHC3» ﬁﬂLJ'n '
END'
mu'r'

READ | NT' ENO2 =ENTI ERC N/l NT

pm NT cnmomo PUNCH( 3)- T-ELJ‘H » Dl GI TS(J).SAHELI NE, £ENO=?, ENO®
MEA NX? -0'

MEANY3=0'

FOR Ai=1 STEP 1 UNTIL ENO DO _
BEGIN POS3=XC1; | NTeCA=1>+1)' NEG= mXC2s INToCA=1)+1)"
FOR Bim2 STEP 1 UNTIL I'NT D
BEGI N POS t=P0S+X(1, | N'r-cA-1>+a>
; NEGI=NEG¥XC2s INTecA=1 83"
END
POS: »P0S/ I NT* NEG: =NEG/INT®
PRINT ALIGNEDC2, 335 POS,SAMELINE, NEG'
MEANXs wMEANX +P0S'
MEANY 1=MEANY +NEG

END* ]
MEANX: -HEANXIENO
MEANYs =sMEANY/ENO'

PRINT £ELLL??,  ALIGNEDC2/3)5 HEANX, HEAilY, £ - $7,PUNCHC3),
£MORE DATA PLEASE?
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AN _EXPTANATION OF SOME OF THE SYMBOLS USED IN THE ALGOL PROGRAMME,

StM1
SumM2
LSuM1
SUMA1
SUMA2

the
the
the
the
the
the
the
the
the
the

the

the

the

the.

the

the

sum of the first (N-L) numbers

sum of the squares of the first (N-L) numbers
sum of the last (N-L) numbers

sum of the squares of the last (N-L) numbers -
total sum of N numbers

total sum of the squares of N numbers

mean of the effective number of observations for
first set of data

mean of the effective number of observations for
second set of data

level of signifiocance

sum of the products

interval corresponding to the correlation length
effective number of observations

lag .

total number eof observations

correlation coefficient

normalized value of the correlation ceefficient.



58.
ACKN ONLEDGEMENT S

The author wishes to express his thanks te Dr., J. A. Chalmers,

his superviser, for the constant advice and encouragement . he has giten

throughout the peried of this werk,

Thanks are also due to Prefesser G. D. Rochester feor the research

facilities which were made availabls,

He is very grateful fer the help he got from the Technical Staff of
the Physics Department, and that frem contemporary atﬁdents in the Group,
especially Mr H, L. Collin and Mr. K. N. Groem who helped with the

statistics and the computer programms,

Finally, the author is especially indebted to the University of
Khartoum, Sudan, for the Research Fellewship awarded to him from 1962
to 1965, and for meeting all thé costs to enable him to attend the Third
Internatienal Conference on Atmespheric and Space Electricity which was

*” held in Montreux, Swifzerland, in May, 1963,




' 5_8.

REFERENCES

!

i.

Aitken, J. (1880) Trans. Roy, Soc. Edinb, 30
Chalmers, J. A. (1946) Q.J.R. Met, Seec., 72, pp 199-205

(1952) J. Atmos, Terr, Phys., 2, pp 155-159
(1953) J. Atmos. Terr. Phys., 3, pp 223-22

(1957) *"Atmospheric Electricity" - Pergamen

: press
’ Coulomb, C. A. (1785) Mem. Acad. Sci., Paris, p.616
Crozier, W, D, (1963) J. Geophys. Res., 68, p. 3451

Elster, J. & Geitell, H, (1899) Phys. Z., 1, pp 245-249

Gerdien, H. (1905) Terr. Mag., 10, pp 65-79

Hogg, A. R. (1939a) Prec. Phys, Soc.,Lond., 51, pp1014~1027

(1939b) Mem, Commermealth Solar Obs., Austr.,7

Law, J. (1963) Q.R.J. Met., Sec., 89, pp 107-121
Linss, F. (1887) Meteorel. Zeitschr., 4, pe345
Muhleisen, R, (1953) Z. Geophys., 29, pp 142-160

(1961) J. Atmes, Terr, Fhys., 20, pp 79-81

Nolan, P, J, (1940) Proc, Roy. Irish Acad,, AL7, pp 25-38
0'Dennell, G. A, (1952) J. Atmes, Terr, Phys., 2, pp 201-215
Pierce, E. T. (1958} Rec, Adv, in Atmos. elec., pp 516
Pollock, J. A, (1915) Phil. Mag., 29, pp 636-646

Ruhnke, L. H. (1962) J. Geophys. Res., 67, p. 2767

Scrase, F. J. (1934) Geephys. Mem., Lend., 60

(1935) Geophys, Mem., Lond., 67




60,

Smiddy, M. & Chalmers, J. A. (1958) J. Atmes, Terr. Phys., 12, pp 206~210

Smith, L. G. (1953) Rev. S3c. Inst., 24, p. 998

Swann, W. F. G. (1914) Terr. Mag., 19, p. 81

Wait, G. R. (1935) J. Atmos. Sec, Heat, Ventil,, Engrs.,
7, Pe 105

Watson, R. E, (1929) Geophys. Mem., Lond,, 45
. Wilsen, C. T. R. (1900) Prec. Camb, Phil. Soc., 11, p. 32
|

-
30 OCT 1968

Lo




#
62, '

APPENDIX II

TESTS OF THE EFFECT OF THE BEND

on the bench with the right angled elbow slipped on se that its intake

To test the effect of the bend a dust free room with little

disturbance from human sources was usede. One chamber lay horizental

was vertical. The other chamber did not have an elbow bdbut was clamped

" to the same bench with its intake being vertical and level with the

n
elbow intake. The two intakes were 8 apart.

As a preliminary test both intakes were set at a distance of 3'
from a window in the room. The window was opened and the room was
closed. Alr was drawn through the two ohambers at the same rate,as
measured by gas meters — one connected to each chamber - The suction
fan exhaust was placed outside the room so as net to, cause any
disturbance of the air in the room. This showed that the chamber with
the elbow lost about 20% of the ions of either sign. It was felt that
some of the ions could very well have been lost due to the different
paths taken by the air to enter the chambers from the large area of the
open window. . Y

A more reliable method of testing was seen to be one in which the ;
room was completely closed and the ions were produced artificially
from a source whioch can be placed symmetrically to both ohambeis and
whose distance from the chambers can be varied at will. So it was
deocided to use a poloniun ion generator. This consisted of a brass
tube 5 ocm. in diameter with a strip of polonium 2I0 foil placed 2 cm.
below the top of the tube. An electric fan propelled air up. the tube
and into the rooms Ions of the required sign were separated by
connecting the same sign terminal of a high tension battery to the tube.
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Since polonium 2I0 ies the last radioactive element in the radium decay
geries, only o-rays are emitted producing only small ions.

These tests were carried out repeatedly with ions of either sign
and with different rates of flow between one and three litres per second.
This was nacessary to coincide with the range of flow rate anticipated
in the actual experiment. The generator was always symmetrical with both
intakes, and its distance away from the chambers was so adjusted that
the electrometer reading was appropriate to the rate of flow, as calculated
approximately for the ions in the atmosphere. It is these tests which
~ finally revealed a loss of I5-25% of the ions, of either sign, depending
on the rate of flow. The loss is thought to b® the result of the ions
diffising to the walls of the elbow in turbulent conditions.

That turbulence does exist in such a right angled elbow, is supported
by theoretical consideration. It is known that in a fluid motion where
the velocity diminishes in the direction of motion the external flow may
become separated from the wall and eddies of considerable size are formed
owing to the backward flow of the inner parts of the boundary layer. In
the case of a right angled elbow there is a transverse fall of pressure
in the curved portion of the flow. By Bernoulli's equation, the velocity
is therefore increased on the inner side of the ocurve and deoreased on the
outer; i.e. the conditions associated with the separation of flow are
satisfied at the outer boundary, even though the flow becomes re-attached
to the wall downstream.

Boundary layers may be influenced artificially so as to prevent
separation of the flow taking place. Onse way of doing this is to raise
the velocity of the inocoming fluld very rapidly from a very small value
to that required in thqﬁxyeriment. This is achieved by making the fluid
traverse a pipe of very wide cross section passing into a narrow one
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(with the cross section to be used in the experiment). This was tried

in the case of the elbow by using a ocone 9" in diameter at the intaks,

5" high, terminating into 23 diameter, which fits tightly over the

elbow intake. The above tests for ions of both signs were made many
times, with an improvement in the leose of 5%. It was therefore decided
that the dimensions of the cone might be critical. This and the fact

that large dimensions of the cone might raise difficult practical problems
in windy conditions finally turned the balance in favour of mounting

the two chambers vertically without the elbows. '

AUTOCORRELATION LENGTHS AND THEIR RELATION TO CONDUCTIVITY AND WIND SPEED

The autocorrelation analysis of the results described in Chapter VI
gives a correlation legth,L, which is the. +time interval by which
observations have to be separated for any one of them not to depend on
the previocus ones. This autocorrelation length was found to be different
for different records, presumably due to different cenditions in which
the records were taken. This would suggest that the phenomena have a
"memory". One is readily reminded of the well known memeory of the
atmosphere, better known as the relaxation time,T. This not only gives
the rate at which a conductér loses charge, but also the rate at which
the electrical conditions in the conductor adjust themselves after a
change. It was thought rsasonable to look for a relation between L and
T,

Considering the case of an exponentially decaying function, the
autocorrelation coefficient r(k) for any lag of k is given by:
~k/T
k) = e
Thus from a correlogram (a ourve of r(k) against k) an estimate of the
value of T should be that value of k which makes r(k) = I/e .
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The autocorrelation cocefficient for many of the records already
analysed by the computer was used to plot correlograms, and a
comparison was made between the estimated T from the correlograms and
those calculated from the equationi

P -« &
A

This comparison showed no agreemsnt at all. The lack of any comprehens-
ible relation was further brought out by plotting L against T3 the result
was a mass of points scattered all over the graph. This would seem to
imply that the observed T can not be due to "electrical decay", but must
be related to some other effect such as mechanical turbulencs.

The next thing to do was to look for a relation between the auto-
correlation length and the wind speed,W, using the data in Tables 2-6,
Such a plet was made for the data in each Table. A relation seems to
exist between the two, which was best brought out by the data in Table 3,
as shown in Fig.16 . However, this can not be ascertained with any
great confidence, as in nearly all the cases, there was not enough
dispersion of the wind speeds. e

THE REGION OF COLLECTION OF THE AIR

As already mentioned, the rate of flew of air through the conduc-
tivity chambers was 2 litres per second. With such a flow rate it was
realised that the air being sampled must have been coming from a slightly
higher level. To find out just how much higher, a simple experiment
was undertaken. A candle was 1it up, and then extinguished so that
smoke was coming out of it. On a calm day, the candle was placed
directly above one of the chambers, through which air was drawn at the
usual rate. The ocandle was moved up. and dewn until the smoke was Just
seen to be going into the chamber. The height of the candle above the
intake was then measured. The experiment was repeated many times and a

mean value for the height of 2 om. was found.
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THE TWO RECORDS WITH THE HIGH POTENTIAL GRADIENT

The first record was taken on the afternoon (3p.me. - 5p.m.) of the
Tth. of April, I965. The wind direction was S.W., with a speed of

4 m.secs’ It was misty.

The second record was taken on the morning (I0.30a.m. = I2.40p.m.)
of the 9th. of April, I1965. The wind direotion was S - S.W., with a
speed of 3 m.secst It was cloudy.

Similar conditions did in fact occur many times during the period
of the investigation, but the potential gradient showed its normal values.
This would suggest that on the two particular occasions above, the high
values of the potential gradient were due to some local effect, especially
as they oocurred within two days of each other.

THE IMPORTANCE OF THE RESULTS

The impottance of the results of thowswsowits—of the present
investigation are three fold 1
(1) The disagreement wit the findings of Hogg. This can not be attributed
to ang radical change in the method of investigation; the present work is
in fact a more refined repeat of Hogg's work. However, the fact that
agreement with Hogg was achieved on the two occasions when the potential
gradient was over 300 v/m sy 8eems to suggest that the main difference
is perhaps due to the pollution level in Durham and Kew. Increased
pollution would decrease the conductivity and increase the potential
gradient. Kew being a highly polluted area accounts for the high potential
gradients (300 -~ 600 v/m) reported by Hogg. Durham, on the other hand,
is comparatively very much less polluted, with the potential gradient
ranging between 80 and'ISO v/m. Support is lent to this suggestion by
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the day time results of Law in Cambridge which are in full agreement with
the results of the present work, althougﬂﬁsged a completely different
method of investigation. His potential gradient values were hetween

60 and IO00 v/m. High potential gradients can probably explain the very
high ratio of "\# $ 8ince there is always a positive space charge at
the ground, a large condensation nucleus content would decrease -5 more
than it would A#. Also with the fine weather positive potential
gradient.ﬂogative ions move upwards and positive ions move downwardb.
Explanation would still have to found for Hogg's result that the total
conductivify rémains constant within the first metre above ground.

U,

(ii) The autocorrelation length. This varied between 2 minutes and I4
minutes, and is perhaps typically 7 minutes. The very existence of this
time lag necessary between observations before they can be taken to be
independent of one another, suggests that non-continuous measurements

of atmospherio electric phenomena are noet after all undesirable. It
does appear that the autocorrelation length is a direct consequence of
the prevailing wind speed, and so if a direct relation can be established
between them, the worker in atmospheric eleciricity can choose his own
interval of observatien. This is particularly helpful in cases where
continuous recording presents a formidable practical problem.

(1ii) The effect of the wind speed. This caused all the ratios measured
to tend towards unity. An explanation for this can be found in terms of
the turbulent mixing of the air near the surface, caused by the wind.
With very strong winds the air would be so thoroughly mixed that the
electric field would not be able to separate ions of both signs, and so
the ratio would be unity. In these conditiond of turbulent mixing, very
close to the surface no negative ions would be expected to leave the
ground and the current will be carried into the ground by the positiive
ions only, resulting in an electrode effect in the first few centimetres

instead of the expected one in the first metre. The reconciliation of

this wopld need to be looked into in greater detail.
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FUTURE WORK

The present results show that pollution can be a very important
factor in the conduction of electricity close to the surface of the
earth. As such,measurements similar to those undertaken in this work
will be desirable in localities with different levels of pollution.

Further work will required to determine any relation which might
exist between autocorrelation length and wind speed. From the practical
side simultaneous measurements of both polar conductivities at ground
level as well as wind speed would be the best ones to make. Such
measurements would have to be made over a wide range of wind speeds.
They would also be useful in confirming or otherwise, the appafently

non-existent relation between autocorrelation length and relaxation time.

USEFUL VALUES

The following values were calculated from the records 1
(1) The overall mean value of the total conductivity at ground
level = J.00 x 10_14 Ohﬁ¥m71 _
(11) The potential gradient varied vetween 80 and IS0 v/m , with
a mean value of I00 v/m. .
(1ii) The mean value of the conduction current, as calculated from the
above values = I.09 x IaIzA/m?
(iv) The total conduoctivity at ground 131}91, during the month of .
September,I964 had a mean value of I.29 x I0~4 Ohmim. >
This is to be compared with a value of 7.6 x I0 > Ohmrm.

oni 15:3:;965, and a value of 8.I x I0°° Ohmiim.”T on 3:4.1965.

=1



