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ABSTRACT

Precipitation currents have been measured using an exposed
recelvers -Compensation for field currents has been achieved by
subtracting the field currents to a probe, suitably amplified,
from the total current to the exposed receiver. The potential
gradient has been measured using é field mill, the theory of which
has been rederived. Wind speed was also measured with a contact
cup anemometer.' The apparatus was installed in a land Rover thus
providing a mobile observatory.

The results obtaingd led to an analysis of the conditions in
quiet rain when the inverse relation is not evident. The éloPe of
the regression line between curre?t and potential gradienf is shown
to depend upon the phase angle.of the lag between the current-time and ___
potential gradient-time records.

A method for deducing the lag or lead in records when the mirror
image effect is not apparent has been evolved from consideration of
the Lissajous plots first described by RAMSAY (1960). The method has
been used to show some support for the ideas of CHAIMERS (1965)
fconcerning the behaviour of records taken beneath approaching and
developing.cloud systems. Both the approaching and developing situa-
tions have been observed.

- An experiment has been describéd which conclusively shows the
pylon to-be the sourceof negative space charge associated with
power lines in mist or foge An explanation is offered in terms of the

different mobilities of free electrons and positive ions which are supposed



to be formed byionisation due tO tracking across the damp insulators.
The électrons are shown during the negative phase of the line voltage
to travel a distance before their capture which is greater than that
from which they can be drawn back when the polarity of the alternating
voltage changese

Measurements of polar conductivities at two levels, above and
below the OOC igotherm, have been made during steady snowfall with
a Gerdien conductivity chamberT. From these measurements the charge

separation rate in the melting region has been estimated.



DISTURBED VEATHER [IDASUREMINTS IN
ATMOSPHERIC ILECTRICITY USING AN

THSTERIIMD VAN
by

KENNETH N, GROOM, I Sc. ,Grad.Inst.P.,F.R.Met.S.

Presented in Candidature for the Degree of Doctor

of Philosophy, in the University of Durham.

The copyright .of this thesis rests with the author.
S September 1966.

No quotation from it should be published without
his prior written consent and information derived

from it should be acknowledged.




FO?u .ORD

The experimental work descrlbed herein was performed in an
instrumental van. The vehicle used was a long wheel-base hard top
Land Rover. . | | |

Belng mobile, the van vas sultable for investigations other
than the main topic descr1b364 In fact, several minor investiga-
"tions have been attempted, often in  collaboration with a fellow
researéh student, ¥r, T.L. Ogden, |

This Theéis has been written in two distinct parts. The first
describes the main 1nveut15atloq of rain electricity. The minor.
investlgatlons have been grouued together end appear in the second
part._ N

‘Extensive use has'been’made of diagrams both in the description
4of apparatus and the presentatlon and discussion of results. It is
felt that this procedure leads toa reductlon 1n descriptive text.

The units of the work are rationalised M.K.S. The well known

3

abbreviations such as p for 10"6 and k for 107 have been adopted

' and used without comment as to their meaning. Often in the con-
" struction of apparatus, dimensions do not have to be chosen by
physical considerations; where this has been done no conversion

‘from‘English to metric units has been made,




ABSTRACT

Precipitation currents have been measured using an exposed
receiver. Compensation for field currents has been achieved by
subtracting the field currents to a probe, suitably amplified,
from the totel current to-the exposed receiver. The potential
gradient has been measured using a field mill, the theory of which
_has been rederived. Wind speed was also measured with a contact
cup anemometer, The apparatus vas installed in a Land Rover thus
providing a mobile observatory.

The results obtained led to an analysis of the conditions in
‘quiet rain when the inverse relation is hot evident, The slope of
the regression line between current and potential gradient is shown
to depend upon‘the phase angle of lag between the current-time and
potential gradient-time records.

A method for deducing the lag or lead in records when the
mirror image effect is not apparent has been evolved from consideration
of the Lissajous plots first described by RAMSAY (1960). The method
has been used %o show some support for the ideas of CHAIMERS (1965)
ooncerﬁing the behaviour of records taken beneath approaching and
developing cloud systems. Both the approaching and developing situa-
tions bave been observed.

An experiment has been described which conclusively shows the
pylon to be the source of negative space charge associated with
jowe; lines in mist or fog. An explanation is offered in terms of

the different mobilities of free eleotrons and positive ions which




are supposed to be formed by ionisation due to tracking across the
damp iﬁsulators. Tﬁe electrons are shown during the negative phase
of the line voltage to travel a distance before their capture which
is greater than that from which they can be drawn back when the
polarity of the alternating voltage changes.

. Measurements of polar conductivifies at two levels, above and
below the OOC isotherm, have been &ade during steady snowfell with
a Gerdieﬁ conductivity chamber. TFrom these measurements the charge

separation rate in the melting recion has been estimated.
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PART I

Chapters 1 to 6

Investigation of Precipitation Electricity




CHAPTELR %

Intggductignv‘

1.1 .Note on the chapter's content

It is not the author's intention to give a survey of the
“history and current state of Atmosphefid Rectricity. If he desires,
| .the reader can find such surveys in the literature e.g. VILECH (1950),
YORMELL (1953), CHALMERS (1957) and IQRAEL”(%m)
'Raference will be made to relevant previous work in the subject
:ﬁhere it is abpliéable;‘ This introduction will be confined to &

brief discussion of the possible causes of the effects which the

investigation has attempted to measure.

1,2 Continuous Rainfall

For the purposes of zlectricai investigation GSCHUEND (1920) has
013851fied rainfall into three types: continuous or quiet rein,
shower or squall rain and electrical storn rain. The investigation
described was only concerned with continuous rain.

| Céntinuous»fain geherélky falls from Nimbo-stratus clouds,
although quite long periods of rein sometimes-fall from Alto-stratus
clouds. For the purposes of this investigation both clouds can be
considered as only differing in altitude, The usual mode of formation
of these clouds is the wam front. In the warm front air rises slowly

up a gradient of about 1 in 100 The resultant cooling causes

condensation and cloud formation.

M.U ., 5
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2.

It is generally accepted that BERGERON (1933) has correctly
accounted for thevorigination of most precipitation in temperate
climates. Precipitation in frontal donditions yill always start
as snow which m&y or may not melt before reaching the ground.

In alllstaées of the history of a precipitétion particle fron
its férmation fo its arrivel ot the ground there are some charging
mechanisms which may be operating, These may be conveniently split
up énd‘the charging'considered in distinct regimes. These are the
solid ahd liquid phases end the transitian from solid to liquid.

To these three must be added any chafging which occurs because of
spléShing'at the grouhd. |

. CHALMERS (1959) has demonstrated tha£ models of the electricel
Astructure of niibo-strétus clouds can bé built without a detailed
consideration of the charging mechanisms concerned. As such con-
sideration is a huge field in iteeif; space does not permit ité

'.inclusiqn here. .

1.3 The Electrical Structure of Himbo-Stratus Clouds

CHALMERS (1959) cénsiders the nimbo-stratus cloud as beihg of
‘sufficient horizonal dimensions té render the edge effects negligible.
N The quasi-steady state, which for nimbo-stratus can be taken as
observationally established, implies that the total vertical current
density is independent of height. The components of the total
cufrent ﬁamely precipitétion, conduction and convection currents

vary in their contribution with height, (e.g. the total current will




3
be cpﬁﬁfised complétely of the conduction current above the cloud).
'rﬁlth¢ugh an‘anaijtical solution of the general proble: is
Iimpéssible Chalmers has worked out two limiting cases for voth rein
d snow elouds between which the true ﬁolutions are likely to lie.
fbe result of Chalmers's analy.sxu for rain clouds, which is reproduced
":'1n fig. 1. 1, was a vertical 3rofile of potential, Since the rain
| beg&n ag snow whlch is usuelly negut1ve there must be & brocess of
chargzng at or below the meltzng level to give the positive rain
v.current uSually observed .e. g CRALHIRS (1956) The negative space
"chaxge liberatad in such a ueparatlon accounts for the negative
. potential peak shown in the profile. The profile (c) is the case
‘where the charge separatlon takes place at or near the ground by,
as | SMITH (1955) suggests, Splaahlng for example, Proflle (8) is the
:1case where the separation tales place above the cloud base.
"Chalmers:be;ieves that (c) 1q~less 1ikely than (a) to be near
the trug state of affairs because the space charge.in the cloud is
kndwn fo be everywhere'negative. A negative space charge requires
f,that the profile should be convex, v:ewed from the left, as a simple
iqualltatlve examination, flg. 1e 2 of P01sson 8 equatlon shows,

‘Hence it can be seen that (a) satisfies the requirement where (c)

does not S .

B u The Scope of the Present norL
Uslng a Land Rover annaratus to measure precipitation current
' and poten ial gradlent has been rendered mobile. Fron Durham it is

xqulte easy to reach places vhich are 1,000 - 2,000 ft. ebove sea level.

G
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Fig, 1.1 Vertical profiles in ndmbo stretus from CHELMERS(1959)
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Often, particularly in nimbo-stratus conditions such places are
within the cloud, It is thus iaossible to investigate the electrical
nature of the cloud itself.

" Mobile apparatus also affords the possibility of making com-
parisons of potential gradient and current at different levels m
and below the same cloud. Such Qompariséns, in a quasi-steady state,
could be of great importance in investigating the vertical profiles
of electrical parameters, so adding further information to the work

of CHALMERS (1959).
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CHAPTER 2

' The Design and Developnent of Apparatus

2.1 The Measurement of Precinitution Current Density

.The choice between exposed and shielded receivers for the
measurement of precipitetion current has been discussed since the |
'firsf meesurements'were nzée; with shielded collector by zlster
and Geitel (1888) and WEISS (1906) with his exposed wire brush, which
Wdula almost certainly have been plagued by point discharge.

The main drawbacks of the emposed receiver is the displacement
current which is also recelvcd duc to changes in potentlal gradient.
Compensation for displacement currcnt is necessary if oxposed
receiver results are to bo meaningful,’

The sﬁielde& collector evoi&s displaeement current by collccting
the rain in a-cone, usually, wnich 15 shielded fron the potentlal
gradient. This method is successful at all exporimentel sites except
. those ot places with & very high czposure to posential gradicnt.
| The top of‘a metal mast causes a concentration of potential gradient
such that edequete shielding oﬁ;;eceiver is quite impractical (see
COLLIN and RAISBECK 1964). The shielded collector suffers from the
~ drawback that not all the rain is cellected. SCRASE (1938) reported
 that his collector only received half the amount of a standard rein
geuge. Purthermore the.sample collected is not usuelly typical of
the rain falling, Slnce in the presence of wind the smaller drops

are carried closer to the horizontal than =ms the larger. The
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rBSult: is that a shielded collector wiil colleqt a greater proportion
of larger drops than is typicel of the rain,

| This drawbaok wes demonstrated quite dramatically in the present
ihvestigation, On one occasion a shielded collector was borrowed by
the author during conditions of drizzle. The current measured was
found to be less when the collector was vertical compared with wheﬁ
it was horizontai facing into the wind!

For this investigation it wes decided that an exposed receiver
would be more suitable as a greater collection area is possible.

Thus facilitating a greater signal to noise ratio - an important
cthideration for apparatus which 5As to be carried, pérhaps over
‘rough country, in a Land Rover.

The first method to be considered was an adaptation of the
method used by WILSON (1908) to measure air-earth current (see also
CHALMERS 1962). The apparatus needed would simply have been an
insulated plate with a covering mechanism,

As the general aim in the design of the apparatus was to make
it suitable for eventual automatic recording, this method was not
adopted as the mechanics of covering and uncovering a large plate would
have been difficult to automate. The electfonics are quite feazible
aé the timing could have beca controlled by a stepping circuit.
However, it was decided to have a separate plate for precipitation

current and a field machine for potential gradient.
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. Ihe collection plate
4 The platé constructe& was circular, This shape was adopted in
: ;.gﬁder to miﬁimise the relative importance of edge effects. The
signal from rain current is proportional to the area of the plate
while the noise from edge effects is proportidnél to the perimeter.
A circle, therefore, mexinises the signal to noise ratio.
| The maxiﬁum area which could be cqnveniently.supported on the
roof of the Land Rover was 0.5 o2, Valls of 3 inches were spot
welded onto a circular plate of area 0.5 mz. The intervals betwcen
the sfot.welds were plugged with fibre glass compound to prevent
leékagé of watér from theiplate. Such leakage would give spurious
| "reéults since the tray would behave as a water dropper; drops carrying
away charge dépending upon the potenfial gradient,
The plate was supported on five insulators; initially polystyrene
H(Sée iater),'disfributed so as to bear the load equally.
» ‘The lead from the‘plate to the amplifier in the van below was &
1 6mAdiameter helix of stiff COppef wire of diameter 2 mm, This
) Qohstrﬁction allows the leadvto be rigid during recording due to the
stiffness. of thé wiré, thus eliminating épurious piezoelectric currents;
while the helix can take up any movement induced by the motion of the
.» Land Fover in travelling which moy have higaged a straight rigid
: COnd#Qtor;
| cusrd ring |
bne 6f the main edge effccts in these measurenents is the charge

' which leaves the collector on a droplet produced by a drop splashing
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- .on tho collector tray, If such droplets stay in the air they give

no caﬁse for worry as this is a naturel, charge separation. If,

" however, they fail to earth off the tray they add a spurious component
to the.:results. “The effect can be cdinpensateci for by adding a guard

| r:.ng, as suggested by WILSOY (1916). Compensation is achieved since,
. in the pzfesence' of a guard rmc there is on average an equal' flux of
droplets m and out of the collector tray.

".Eectrclmics ' ’ . |

_ _The order of magnitude of precipitation current density ranges

10 pn™2 for contimious rain up to 1078 402 in ,

srom 10712 to 10
showers, the highest ever recorded being 10~ (CHALMERS and LITTLE 1947).
- Thecurrent density can be measu:’:ed either by measuring the charge

‘ -‘_\‘collécls-ted in an inteﬁal or by direct current measurement. For nimbo-
-atratus the ra.nge of interest will be that of continuous rain namely
10712 £5 10710 4 12, For collection over periods of some minutes

10 4, 10-8 Coulombs viould be collected.

charges of the order 10~

' ‘Heasurement.‘- of charges of this order is impractical with a
ballistic galvanometer since the Land Rover's motion would upset the
delicate levelling necessary. The charge would have to have been
' .measuf'ed by the #oltage it exerts across a capacitor. Since this
voltage will be transitory it would be of dubious value for aubomatic
‘ réédzﬁing ﬁnless thé'voltage vas measured with a voltmeter of extremely
high input imped;:tncé. ‘ ‘ ‘

'The best configuration for ultra high impedance valve voltmeters,

the inverted friode, is described for exemple by ROLSOI (1960) or
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i TEH!IAN ‘(1928})(see f’ig. 2.1). lowever for the use invisaged there is
_ a f‘undaiﬁental drawback - there is no way of"discriminating the sign
-of'the voltage.

.It was thought that a comprom;i.se nay have been reached ﬁy using
a normel electrometer" valve even though the decay would bave been
"more rapid. Although such circuits, fig. 2.2, woi'k satisfactorily
- the deoay was always found to be too rapid for automatic recording.

The voltage produced on a capacitor by a charge could alterna-
tively be measured by a chopper type emplifier. A transistor chopper
Woild not be suiteble as it would, in the'coﬁductipn regize, earth
l-a.nd éb"remove the charge being measured. However, a vibrating capacitor
would be su:.table 1f the A.C, amplification stage following it had &
hlgh input . impedance. . The sign of the charge would have to be
) determined by employing phase sensitive rectification, |

”he above is ‘in fact a brief description of 2 vibreting reed
glectrometer (VRE) - the instrument which was in fact finally adopted
for Qée;" As a VERE was used it t;fas possible to measure the current to

earth from the plate directly, which is more useful than the dis-

" continuous charge measurements,

- The VRE which has been anply described elsewhere requires & power
supply of 240 volts AC at 50 ¢/3. SCuch a supply was generated by
8 solid state transyerter from a DC supply of 24 v from Lead-Acid

Accuﬁulators.
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The problem of the maintenance of high insulation in the lower
atmosphere has always been difficult. DOLEZALEK (1956) has even
“been moved to the production of 2 publication on just this problem.
‘The problem is to produce an insulator the resistance of which will
not fall to ap intolerable level under conditions of high humidity.

The best known insulating material readily available is
poLytetfaflouroethelene (P.T.F.E, ). The properties of P,T.F.E, are
well documented in the various trade publications .of the manufagturers.
In the atmosphere the surface resistivity is most liable to failure
due to the formation of a film of weter over the insulator surface..
An important and relevant property of P.T.F.E, is its angle of contact
to water which is very close to 1800, causing any surface moisture to’
form droplets and roll off, thus keeping & dry surface. As the insulators
were not resdily accessible (see fig. 2.3) it was important that
they should be reliable. A small scale test was conducted with a
sample insulator., Vith the equipment at hedd the highest heasureble
resistance was 1024, This is quite a convenient value as it coincides
with the highest imput impedance of the VRE, The experiment (fig. 2.4)
consisted of plecing the sample insulalor in a controlled atmosphere
the relative humidity of which was raised from 60 to 100% Up to 85%

B the resistance was in excess of 1012 ohms decreasing to h,1011 ohms
et 1007 FH.
"It would seem that in using apparatus where the high input

resistance waé needed some heating of the insulators would be necessary

T
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+o keep the humidity low, whiist this would not be necessary for
lbwei input impedance instruments.

Now since atmospheric water carries a large amount of impurity
it was dec:.ded that it would be unwise to allow any condensation
on -the insulator in case a build up of surface dirt occurred which
would have lowered the surface resistivity., It was decided that
~ the platé insulators would hﬁve heeting in spite of the foregoing
paragraph just to be on the safe side.

The heatlng was done 1n1tlal’v with & smell coil of wire round
each insulator each dissipating about 2} wetts, As some trouble
was experienced due to the low mechenical stirength of the heater
‘coils they were subse"quently replaced by small 2.2 w bulbs which
'ﬁfovéd'most'réliable. |

The configuration of the insulators and thin housing is shomn
. ih.fig. 2.5 The insulatorvin the diagram can be seen to have

grobves'cut inte it. These grooves inérease the path for the
.surféce breakdown and, more important, the grooves are cut on a
lathe with a clean tool just before the insulators are mounted. It
was found thet the new cut surface had a very much higher surface
resistance than a carefully cleaned cld surface,
Compensation for displacepent currents
With an expdseé.réceiﬁer the current measured is the sum of

three Qompoﬁents; the precipitétion current, the conduction current
apd the displacement cﬁr;ent i.e. for a plate area 4 |

I' A ( JP + AF + ‘e‘::f )
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wheére A is the apropriate polar conductivity at the
plate
- B ' is the poteﬁtial gradient
"A . is the area of the collection plate
€ is atmospheric permittivity

The conduction ourrent density (;\F) will often, though not alweys,
‘be pegligibla compared with the precipitation current density (j p).
ngeveg, the displacement current density %% can quite easily
‘be very much gréater than and often of the same order as the
preéipitation current density. ¥ig. 2.6 shows the record of & dis-
“placement current superimposed upon an otherwise tolerably steady
"rain ocurrent. Since both the conduction and displacement currents
are cbnfrolled by the behaviour of the electric field they can for
convenienée be lumped together and called "field currents®.
 ADAMSON (i960) has described apparatus to measure conduction

current with éompensation for displacement current. He took the
differentisl output of a field mill and applied it to one grid of
a .double electrometer triode: the collector output was applied to
the second grid. Amplification of the difference in anode voltages
will, if the time constants ere equally matched, be a measure of
conduction current. The method which produced good results in all
but very disturbed conditions follows SCRASE'S‘(1933) vain attempt
:at compensation. | ‘
~ Application of Adamson's teohnique to the present problem

involves interference with the input circuitry of the VRE vhich
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s not thought to be desirsble.

MUHLEISSEN (private communication) has used earthed verticel
conducting rods es shielding fbr'a collector mounted in the plane
of the earth's surface, ASuch shieldings which ﬁould only interfers
with the precipitetion to s small extent, was found to eliminate
the potential gradient at the collector., Such & method would give
R the desirablebprOPefties of both exposed and shielded receivers.
Electrolytic tank experiments | |

The plausiﬁility of Muhleisﬁen's idea for # collector mounted

on' the roof of e van was investigafed in two dimensions for various
) - models in an electrolytic tenk,

. The models uﬁder test were attached to an earthed plate. The
equipotenfial'surfaces between the plates were plotted by selecting
a voltage with the potential dividing(resistance boxes R1 and 32
(see fig. 2.7) and adjusting the position of the probe with the loud

lspeaker'registers ninimum sound;-

Two shapes of model were'investigatgd,fig.'2.8,which approached
| liuhleisljen's use in the plane of the earfh's surface and the possible
oéﬁfiguration on the van., In practice shielding posts would have
-to be separated by about 1.3 . Any post height in excess of 2 m
- would be quite impractical, 50 the maximm height: separation ratio
worth investigation was 3:2. The equibotential diagrams in fig. 2.9
show evidence of good shielding for high ratios.

.In the second model the potential of the plate was determined

' by p;acing the probe on the collector and adjusting R1 and Bé until
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a b&lﬁnce point was found. The.ratio»of R;Egz gives the matio

of the voltage of the collector to the total potential difference
"applied. The reduction factor can be defined as the ratio of the

" potential with shielding to that without. From a graph of reduction
‘ 'factor against shielding height (fig. 2.10) it was deduced that a,‘
haighf of ébout 2m woﬁld give a 151 reduction factor.

Field triels of post shielding

Three posts, (2 m high of % inch diameter brass rod) were erected
- symmetrically about the collector plate. The tip of each rod wes
turned to a hemisﬁhere.
. Tﬁe testing procedure consisted of placing a portable field mill
in the centre of the collector.and comparing the reading in the presence
and absenceiof the‘shielding posts., A fine day was chosen and the
ambient potential gradient monitored with a second field mill.

. Unfortunately no significent reduction in the field mill reading was
B observed, indicating that the posts provided negligible shielding.

The project was dropped forthﬁith.

Compensation by direct measurement of field current

An.obvious method of compensstion is to subtract the field
current from the total currenf. To do this it is necessary to
measure the field current arriving in en area equal to that of the
collecting plate, Ideally, what is required is a second plate
addécént to the first which can bé *persuaded® not to accept any rein,
As this‘cannot be done what is required is some device which will

accép% the same number of lines of force as the total current collecting
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" plate, but will not accept any rain. This could be done by inverting
B a plate so that the rain cannot enter; lines of force would, how-
‘ev‘er',' reach the piate in the sﬁme way as they maéh an inverted
- field mill,

- Experience ﬁth field mills has shown that some exposure is
' losf when they are inverted, Thus it would seem that the area of
the inverted plate needed to collect the same number of lines of

' force would have to be greater than the 0.5 n® area of the originel
- ¢ollector plate, |
: . If the exposure could be increased the size could be reduced.

It vas decided that perhaps an inverted point could be used instead

o Ao‘f an ‘inverted plate as this would have a greater exposure to the

fiéld. This method was adopted in the hope that the position of

‘the point could be so adjusted that the point would have an equiva-

lent plane area equal to that'oi“ ﬁh@.' plate,

| . | Heasuremézit showed that this could not easily be done. How-

" e’vér,,'it was realised that the output of the probe could be amplified

::up before the éﬁbtmction was performed.

The field current probe was constructed from & small rounded

‘poin‘t':_';'proteotec{ by a brass umbrella fig., 2.11.

."AA 'secAond.V.R.E. had by this time been requested for the other

.. ven-borne experiment by Nr. T.L. Ogden, It was decided that the D.C.

E amplifier NE 503B made by Rank Nucleonics should be suitable for the
measurements of precipitation current although not sensitive enough

- for the space charge measurements as initially planned by Mr. Cgden,
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' The obvious course of an exchenge was taken, Two NE 503B amplifiers

were purchased and employed for the measurement of tho plate and

-~ probe ocurrents.

The difference betﬁeen the plate and probe currents would ive
the‘precipitation current if the cquivalent plane area of the nrobe
is equal to that of the plate.

' The probe wes attached to the back of the van, the point being
about 6 ft..éboye ground level. Now if the equivalent plane area is
not equal téxthe plate ares; the (ain of the amplifier can bo
adjustad to gi&e an output vhich can be matched with the output
from the probe in non preéinitatinbAconditionse

To determlne the equivalent plane area of the probe the outputs
of the two ampliflers were rccorded on a chart, a section of the
‘ record of which is reproduced in fig, 2.12. Values of current from
béth~records were plotted on a graph shown in fig., 2.13. The small
non zero infercept was due to an incorrect zero setting of the chart.
Thié, however, was not of importonce as it is the slope of the line
which gives the quéntity of interest. The slope was found to be
3;%% % 1072, As the area of the plate was 0.5 m> the equivalent plane

3.0l -5 2 152 2 2
area of the probe is 0.5 x &S5 x 10 =B x10 " n°., Itws
found that, gnd can be discerned from fig. 2.12, that therc wes a
differehce'in'the time constants of the‘two amplifiers, A&As the makers
strongly discouraged the interference witi the input circuitry it
was decided to ﬁeasure the difference with apparatus having a long Dwme

. constant - the idea being thet the differences due to the nmis nateh
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of time con;tanfg would be smoothed out, -

'153 deviée uéed to inéicafe the differénce had to bave a time
cqnsfant of anut 30 sec. The output of each NE 503B feeds a low
-impedénce so the value of capacitdrfnécesaary is prohibitively large.
Mﬁaf,wﬁs neédédAéas a device with a low input impedance and aAhigh
Oﬁtbut,impedance. The device,used fig, 2.1k, was what is Xnown as
| 5 1§ﬁé tailed‘pair and s §ften used for temperature compénsation
in D;C; amplifiefé. Each transistor deals with one signal and the
'différence between the tWo is indicated on thé voltmeter, The
cépacitor,of 1000uF imposes a time constant of 30 sec. The setting
céntrola RV1 and RV2 are used to set tﬁe zero under open and short
cir@ﬁit conditions :éspectively.

: The gain of the probe'é amplifier was adjusted until no dif-
‘ference could be deteéted between the plate's and the prode's output
during nen preczpltatlng conditions. This system worked satzsfactoraly
in nimbo sbhtus weather when conditlons are not generally violent.

' The system could not compensate for dlsplaqement currents caused by

- smell local space charges which influence the probe and plate at

different times and possibly to different amounts, This was
'»probably the ‘cause of the scatter shown in fig. 2.13.

A direct oalibration of the dlfference ampllfier we.s performed,
'the reaults of which are shown in flg. 2. 15 It was not thought

: necessany to calibrate “the Rank D.C. ampllfiers.
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" 2.2 The Measurement of Potentiel Gradient

The vertical potential gradient can be measured directly with
' potential egqualisers at different heights. This method uzfially
_inﬁolves e long period for cqualication unless radiosctive equalisers
laré.used. However, as the radioaétivity may distort the measure-
mehtAof other parameters the indirect method is uSuélly preferred.
(The passive probe antenas described by CROZIEﬁ (1963) is not con-
venient for portable apparatué). |

: Couiomb's’iaw gives the Surface charge density o bound onto

a plane conducting surface by a potential gradient ¥ as

0 = -¢F 7
" where ¢ is the permittivity of the medium. In the case of the
atmosphere ¢ can be takeﬁ as €, the permittiyity of free space

8.85 x 10712 F g™, For e typical fine weather potentisl gradient
of 100 v o~} the surface charge &enéity is of the order of 1072
coulombs per square metre,

 This chargeAdensity is meesured with field machines by shielding

’some‘cénductor which has been exposed to the potential gradient where-
upon the char:e is no longer bound and flqws in the direction of earth.
. The shielding exposure cycle is achieved'by ﬁoving the shielding so

'as to_a1ternately expose and shield the sensing plate, or to move the
sensing plate beneath the shielding. The field mill is of the former
ztype whilét fhe agrimeter (CHALHEﬁS'1953) and the electrostatic

' voltmeter (MATHIAS 1926) ere of the latter.
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~ The outputs;gf the agriueter énd electrostatic voltmeter are
voth proportional to the suri’ac; charge density and the frequency of
fhg exposure-shielding cycle. Ouppose an electrostatic voltmeter has
| an area of 50 ca® exposed to a potential gradient of 100 v nl, Ghen
for a freguency of 50 ¢/s the output éurrpnt will be about § x 30710
bﬁ‘mps. | (The detailed theory of the electrostatic voltmeter cun be
found in KASEKIR 1944). In view of the difficulty of emplifying direct

as opposed to alternating currents a field mill was used.

| The fheory of the fiéld pill
- Signe) emplitude
‘ The expcmre-shieiding cycle in & field mili is usually achieved
'byA‘Ij‘otating a vene which is cub into segments of & cirele over a similar
| sensing plate (fig. ‘2.1'6). For a vane of N sectors the apex angle

‘of each vane is w/N.

The exposable erea of the vane is (rg- rf)“/z which can be
written as 2 2
o (F-rt) N /2

LW the charge beund to an area A by & potential gredient F is
q = - At’ AF
| If the chargs on-the plate when screened is g then the charge g, in

an intermediate position is given by

. _ - AR e
qt = 9% T %4 N 5

where w is the angular velocity of the rotor and t is the time elapsed
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The equivalent eircuit, including leaks and stays, of the rotor-stator

assembly is shown in fig. 2.17. Now at time t the voltage V across

‘the capacitance C is given by ‘
V = -—-U{ L. dt
C J,
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Solution of this differential equation with the boundary condition

that V = K when t = 0 yields
Vo= Ik (e /‘g) + K e't/m eens (2}
To evaluate this expression & boundary condition waich gives

K ié necded; 'This condition is that at the beginning of the n th

half cycle, when t is taken as zcro, the voltage will be ecual to
the (n-1) the peak value, V., say. Bquation 2 for t =)4f (the half

. period) becomes-

| V,‘=.IR(1- e:cp(-1/2FQC»+ Vo, esep(-1/2¢R¢)
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Tr

The bﬁcéocsiﬁo efqmé.nsion of egﬁ‘i;iozl 3 for all n frorr; 1 to Il 7ivec a
 pover series for V. The cltomction of siens is due to tho
alternstion of the sien of X ":.'th suocessive half cycles of itc cquare
vave

\V (-1)“’1 R ({-)(1-x a2 ) N A )

x .where: i g = exp L- 1‘[ 2f lgc_) .

. ' If‘, for definiteness, the f':.rst half cycle is taken as being
‘one éfepréuré then V will be zero as no charge will be bound on
thé .ététor when it is scrgae;led from the potential gradient,

' .~‘i“hé' I’iéwér series in'equation 4' s"rlth the last teﬁn, (- cL)NVO, being -
- zero is converging if a(.< 1; waich is' the case. |

Summation of" 24. now glves

u) m(nc)(u-w) for N fillt

S ; (1 4+0) R o .- )
v“,; £ IR {-«) oo N mpick
| (1+x) '

The amblguity of‘ sign in equation l;. is removed if the amplltude, but

,' not the sig,n of the output is conszidered for VN- and Voo .

N Response time
. ' It is desuable to Imow at mmt tine VN is a good approxmat:.on
to V» for 0peratlona1 use of’ a fleld mill.

The response tn.me can be defmed to be tho time taken for the

' r°tio (V - Voo )/ Vo to become equal to 1/e. Vhere, as above, v, is
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the neak voltage amplimde n helf cycles after an instantaneous increase
of potent:.al gradient from zero to F.- For equation 5 the ratio is,

- -in term° .of amphtude only,

1R (1- &)(|-—(—0L)") TR(1-a)
V V"" (I +«) T (v4w)

N | ] IR (1-)
(1 vx)

= I:( —_(-.ok)',v- -

| he yalﬁe of‘ N for whioiz o('N- 1 lead t@ the defined response
i_:ime." Smce O( exp(-1/sfRC) the said cond:.tmn is sstisfied when
' ‘N'~-_~.-2f‘ R, A number- of half cycles N corresponds to a time N/2f
| 'seébnds. Thus fhe ‘define'c.l ré'sponsé time is. equal to RC, the relaxa-
t:.on 'bime of the sta.tor rota.r assembly.
4 It should be noted that to solve the condition laid dowm, N
" will ot in general'be an integer whidh the trestment strictly requires.
.'Hovwév_er, Vy ‘for'non-integral_ values of N can be considered as lying -

“on the eﬁvelbpe of the peak values of V and the response time can be

o oonsldered as bemg also referred to th:.s curve,

'b Dependence upon fmguencx
© If FC 4s suitably small then the smplitude of the mill signal

can be 'tak‘en as IV,,,'. Substituting ;for oﬁ,equa.tionv 5 gives




10 (1= espltlapee) o

V. .
Hel = T o)
Iixpansion: of e gives
. [+e

: .
l;. F RC provided SFa << 1

Substituting for I from equation (%)

vl = €AF© cAF
4-7C }:C_ 2 cees [6)

. Thus it can be secn tast Gie output of the mill isdrcctly
proporticnal to thc polenticl pgat:dicnt and independent of tie
frequency provided tact 2740 >> 1.

. Choicc of component vaiues
Yalue of C

¥roa oqu;at':i.‘on 6 C - € AF

2 | Vo |
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For convenience of amplification on output of ~ 0,1 mV for 1 V/a

‘would be suitable. With a normal size portable mill r, = 7.5 and
rTiﬁ 2.5 cm giving an area of 25 ﬂ-cma.
. These.figures yield

8,85 x 10712 . 25 _x}r'.m% x 1

2 x 1074

G
348 pF
Thiérrepresentsthe maximum acceptable valﬁe for C required to give

n

a large enough signal for amplification. It should be recalled that
this capaeitanée includes the capacity of rotor-stator assembly
4(typically 30 pE) and the input capacity 6f the first stage of the
amplifier (éé.y,' 3 or 4 p¥).

Value Qf R | N
| If has been shown in equation (6) that the output amplitude is

' independent‘of the resistanqe; however, thé resistance value does
haVe.considerable effects upon the mill's performance. In the
équi?alent circuit (fig217) ItrePfesents the resistive combination

of fhe grid-cathode leakage (or solid state equivalent) of the

" amplifier input stage and the perellel leakage resistor which is
:~iﬁcorporated.

The grid current in the input valve.will_&evelop & potential
drop across R which will put the stator at a D.C. potential different.
from thet of earth, Clearly the higher R is allowed to be the greater
thié effect will'be. Such a D.C. potential will give rise to two

effects. The first is the unequal exposure of the field mill to fields
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of opposite sign. - The second and more important is that a spurious
signal of the same frequency as the true signal will arise due to the
varying capacity of the 'stator-mtof capacity. .

The potential drop across ‘the resistor, R, due to grid current
Ig is of course

V=1 R
g

This voltage is also acros. the capacitance which consists of a
onstant capac:Lty C and a variable component due to the change of
capamty, C, with the rotor's movement the maximum value of which

is AC. The amount of charge held on the capacitance will vary q

being equal to V AC. The peak voltage of 3purious signal V v

OtDZ

VAC = IRA . It 13 necessary for this spurious signal to be smaller
c C
than that due to 1 v/m, say.i.e.

40 RI, < 1074

Now C = 350 pF as determined and AG is typically ~ 4pF. An

-12

electrometer valve has & grid leakage current of the order of 10 "A

350 x 10712 z 107*

10_12 x4 x 10—12

lHence R ‘ <<

<< '1010 ohms,
This condition is well satisfied by & value of 108.0_.
A component value of 200 pF for the capacitor which, together
lwith the intrinsic capacity of the vanes, gives 230 pF, which is well

within the requirements for_ C.
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_ Once R and C have been fizcd the frequency can be chosen with
 =reference to the condition for non-dependance of'output upon
frEquency, f, ahd resistance, I i.e, that which requires

x = 1/(2f RC) << 1

' It will be redalled thet thic is the condition for the approximation

et DI
N RS e~x 2

.+ In fact fig. 2.18 shows that this condition need not be taken
. to too extreme lengths, Fig., 2.1: shows the functions y = x/2 and

Y = 129;§ plotted for valueé.éf x betwsen O and 1. It can be seen
that1;gr X as larée as 0.5 the differences between the functions is
bafely discernible (1 part in 500). .
Thus the frequency condition iz easily satiéfied, for, in

'practical terms, the condition becomes '

of RC > 2
ief > ()T
' ﬁﬁich_for'the values quoted yielﬁs
' N f > about 4O
ﬁenée,‘fbr almost anmy practical notor, the frequency presents no
- theoretical problem, This allows the choice't6 be made for electronic
coﬂvenience. |
As sudio frequency amplification is probebly the easiest to
achieve,va 3000 rpm motofdxiving & 4 vane mill yielding 200 ¢/s would

be quite suitable.
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Sign digcfﬁmin;tion

- bince in the investigatioa proposed no very high potential
gradients were likely to be encountered, it was decided that a single
potential gradient range would .e adequate., This being the case, tie

_gimplest method of sign discrimination was that of displacing the zero.
fy; auxiliary field is best produced by a high voltage over a small

‘areé 6f the stator, rather tian « low voltage over a large area. rThis
proceduie reduces the proportionaie error introduced by contact
potentials due to surface deterioration. It was decided that this

" could be best achieved by applying ¢ voltage to an inswleted guard
ring.

-The field mill design

The power available t¢ drive the 3000 rpm motor was 24v D,C.

- Such a motor inevitably produces sparking at its commutator. Adeguate
scereening of the electromagnetic.radiation from such e spark requires
speciallmetals of low permeability. It was thought that a better
solution would-be.to isolate the motor frou the mill by employing a
flexible drive shaft, The use of such a shaft meant using a higher

~power motor than may have otherwise been necessary. The torque

" required to begin tuming the varewhen transmitted through the flexible
drive was found to be 3.k ounce~inches. This necessitated obtaining

a 4.ounce-inch motor to do the job.

, The mill head unit was mounted on an outer wall of the ven in
dovetail slides so that it could be casily removed for travelling and

" stowed similarly inside the van. -The motor was mounted inside the van,




thc ﬂe::ibl‘e drive passing through the van wall to the head unit.
% reduce noise and vibrotion due to the motor, anti vibretion
| xjnountings were empléyed. These consist of a eolid rubber cylinder,
on to each end of which is bonded « threaded rod, The rubber thus
- aqufds a flexible link which rcduced the transmission of vibratioas.
(n an ﬁu'.tial test it was found that the mill was receiving
pick up which had the same frequency as that of the motor. It wac
felt that this xﬁay well have becn itronsmitted from the motor to the
shaft vinside and then conducted 2long the flexible drive to the hond
wnit. To prevén‘b such conduction, o rubber bonded bush was used to
1ink fhe motor a.f.th the fle:ible drive. Such e link is also flerible
, which' obviated the need %o line up a.ccura.tely' @:ﬁe flexible drive with
: fhé motor shaft, - It was found that this meesure eliminated the pick-
~ up described. |
i‘o protAect the cathode follower from the vibration of the
moving parts of the mill, the vhole moving part unit is separated from
the mill chassis by anti-vibration mountings. The construction of the
.mo*‘«'iné_ part unit is shown in the exploded diegram comprising fig. 2.19.
: In fig. 2,19 P repre:;ents the outer case of the flexible drive
which terminates in a solid bush, I, and the centrel rotating drive
shaft, M. The bush N is rigidly fixed into a brass cylinder, L. To
facilitate lining up the shaft, I', accurately a ball race, K, is fitted
“into the ﬁpper end of L. The plate, G, which screws onto L is the
ba:;e for the méunting o.'f:_'tho gmr& ring,A,on its insulators &,and

the stator, C,on its insulators, 2.-. The rotor, B,is carried by a brass




v Mg 2agFIELD MILL  moving part.unit. .

\
.
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| bush ;f“, which iocatés over the drive shaft M. The whole unit# is
. linked to the chassis by the flexible mountings, H, which join the
"base plate, G, to the anchor plate, J.

The insulators D, were cons tructed originally of polystyrene -
& good insulator is necessary to maintain the insulation of the input
. of the cathode follower sté,ge. Yor the same reasons as for the collector
pléte-the polystyrene insulators were subsequently replaced by P, U.F.E,
insulators. _
. Field mill elue'ctgo_r_x‘;. nics
| ~ Rough calculation showed that the magnitude of the signa.l to
" be amplified would vary between 1 and 400 mv.

"The shortage of av#ila.ble power made the use of soiid state
cirouitry an attractive proposition. |
|  After a brief flirtation with an allitransistor circuit (*Texas")
._ whiéh iaroved. -toormuch for the author's knowledge of electronics, &
Bybrid circuit was decided upon. This consisted of a low dissipation
‘ éub-miniature el_ectrometér triode ME 140} as & preamplifier followed
By straightfofward trensistorised audio emplifier. The amplifier
'circuit._is shown in fig. 2.20. The circuitry of the head unit is
‘mounted on & small piece of vercboard as shown in fig, 2.21 and linked
to the OhaSB:l.S by two pieces of sponge. rubber. The cathode follower
circuit is quite sta.ndazd and needs no explanation. The two supply
.voltageé were obté.ined froa dry batteries kept inside the ven, The

input signal is passed from the stator by a lead through one of the
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insulators., The rotorbis maintained at earth potential by an earthed
carbon brush which contacts the rotor's bush.

The potentiometer shown betweeﬁ the head unit and the remainder
of the applifier acts simply as an cttenuator to cut down the input
to avoid saturating the amplifief. A preset potentiometer was useé
and it served as a gain control.

The amplifier employed had & high current gain and was insensi-
tive to actual tfansistor paremeters (CHERRY‘1963). A ourrent feed-
back pair was ﬁsed for the firat ctage. Such a pair fig. 2.22 worls
with low (theoretically zero) input resistance and high output resis-
tance. The gain of the pair is given by approximetely Qy/Rh. This
amplifier vas designed to have a gain of 100 as can be seen f'ron the
. ratio 2.2k to 22& . The bias components R, and R, were chosen to
sﬁi%, acﬁording to the theory given by Ckerry. The output consists
of an emitter follower and a transformer coupled rectifying stage.
‘The large, 10uf,smoothing capacitor served also to suppress rapid
fluctuations of potential gradicnt. The.final output of 0 to -12v
was displayed on a 0-500 pA meter vith series resistor.

Calibration of field mill

' As can be seen in fig. 2.20 & variable series resistor V3 is
" T
used with a microambter to form a voltmeter. - 'Before calibration could
be done'the value of this resistof mist be set, This was done by

applying the output of a-signal generator at the frequency of the mill,

o actually'183 ¢/s, of the amplitude waich would just pass undistorted
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Fig, 2.25 ' The field mill-calibration’ -
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 turough the amplifier. The valuc éf V3 was fhen adjusted to allow
the maximum measurable cuprent,SOO 4t to flow through the meter.
" ¥or easy calibration avplate was constructed which cpuld be
readily fixed over the vanes by insulators attached to the base
plate oftthe mm}ing part unit described sbove, In the photo fig. 2.21
the calibration plate can be seen on the left whilst the holes to which
its »iﬁsulation pillars are fixed are clearly visible in the corners
of the millis base plate, The separation of the calibretion plate
énd the stator was L4.5 cm.

) that the calibration of the instrument could be kept constant
it was declded to 1nst1gate a checl: on each oocasion that the mill
wa.s to be used. Thls procedure was designed to eliminate drift of
the calibration due to deterioration of batteries. With the calibra-
tion plate in place a voltage of 215v from the power supplies of the
VRE installed for Mr. Ogden's experiment, was applied to the plate.
_The attenvator gain control qu was adjusted, if necessary, to give a
read;ng of 450 1n the absence of hny bias voltage.

To check the zero the calibration plate was now earthed and

the bias voltage applied. If necessary, the set zero potentiometer

. RWV4 wes adjusted to give the zero reading of 250. The actual calibre-

" tion was performed in two stages:'ﬁhe:first, to get & calibration curve
in arbitrary units of potential gradient, and the second, to fix this
calibration curve to an absolute value of potential gradient.

. The cur#e was dbtained by setting the system as described

t
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above then applying voltages to lhe calibrﬁtion plate and noting the
feading; The voltage.applied to the plate b;;gé an arbitrary unit of
| potential gradient as the exposure of the mill on the side of the van
was not known,

This cur&e was fixed to absolute poténtial gradient by com-
baring the readingg of this mill withthose of a calibrated mill |
'mounted in the plane of the earth's surface. The author is indebted
té Dr. K.A. Higazi and Mr, 1. Darsley for their assistance in
prouﬁﬁngthe sfandard field mill on fhe two occasions this procedure
was éarried out, The calibratioﬁ éurve in terms of meter reading

and absolute potentiel gradient is shown in Pig. 2.23.

2,3 The Measurement of Rainfell Amounts -

ADKINS (1959) described an instrument to measure the rate of
rainfall., His instrument collected rain in e normsl rein geuge and
allowed i£ to pass through a nozzle at the apex of the collection cone,
The nozgsle was constructed such that the water left the cone in large
drofs of constant sige. These drops fell through & wire grid whose
alternate strands were connectecd together. in passing through the
grid the drops make a circuit thus triggering a monoatable multi-
vibrator (one shot). Tﬁe output of this one shot is fed into a lfillar
integfator giving a final output suitable for a pen recorder,

The quentity and rete of rainfall can be determined from oné

instrument if a record of volume of rain egainst time is taken., This
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_cah be déne with apparatus similar to that of Adkins, instead of
integrating the drop count as /dlcins did the drop count itself was
recorded. The drops making the circuit across at grid produce a
s5irnal which actuates an electronarnetic counter,

Ihe cone and drop forger

ADKINS (1959) and RATSRICE (1963) constructed their nozzles
from brass with a taper of such dinensions as to be sure that water
would always bridge the throat of the nozzle., An oxide film was

produced to reduce the angle of contact in order to wet the surface

 easily.

In this investigation a glacs tube was tried as & nozzle in
the first instrument produced, the "Mark I*., The use of glass presented
no drawbacks and has the advantace of having a suitable angle of
contact without special treatment. '

The cone of the mark I instrument was made of zinc sheet. This
meterial profed in trials to be too }ough especially at the joint
to‘the glass tube. The roughness caused a good deal of water to
lodge on the surface in light rain; there being an appreciable delay
. of some minutes before the surface became sufficiently wet to function
sﬁtisf&ctorily.

v To avoid this serious drawback the mark I instrument employed
an 8? glass filter funnel as collection cone. The drop former was
produced by drewing the 3¢ funnel outlet into a taper. The teper mas

" eut at e suitable place to sive on outlet of approximately the desired
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size. This method of making a hole of size which is critical to the
instrument is not as unsatisfactory as it may seem, since the nozzle
‘has in any case to b§ calibrated. This procedure of forming the cone
and nozzle from the same piece oi' glass removes all water holding
joints without iniro@ucing any further complications,

The desired drop size can be worked out from considerations
of the resolution required for normal'rates of rainfall with a
restriction'imposed by the maximum possible counting rate of the
‘electronics., Clearly,.for accurate resolution, as great a number of
drops as possible should be counted whiie the maximum rate of interest
should not saturate the counter or it will be underestimated.

In meteprclogyArates of rainfall are classified as followa:

Rate my/hr
a) very'light. | drops do not completely wet surface
b) light trace - | < 2.5
- e) moderate . - 2,54 to 7.6
d) heavy E ' > 7.6

v(see_for example Clossa:y of Eeteoroloé§ page 464).

In this investigetion & rate of 2.54 mm hr | bad to be readily
measurable. For a cone of aperture of the order of 300 cm2 a rate
' of 2.5 mn hr! would give .25 cir per min, Sufficient resolution
" would be achieved for a count of about 20 drops for this rate. It
can be seen that a drop size of 0.0625 cm3 would achieve this, Such
a drop éize would indicate for the maximum céunting rate of 3 drops

per second, a& rate of rainfall of 22.5 mm hr'1. This limitstion is
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o viously of no practical im;or...iu.

The nosilo on the conc w3l an outlel diwmeter of 2 :m
Woich resulted in 2 drop sizc .o 0.0393 ca” whicl gave slightly
be.ter resolution thon requi:-cl, |
Zetornination and constanoy ol Lo chre

Before ccncidering ... c.ommination of the drop size, il

 ir aceessary to prove its co:vmt.:zc.;-. Drops were allowed tc ™11
f_&'c‘; tlie nozzle onto moving £ilior wper, the grid having been renoved.
Tlu water used wao stained wili: ’;;l;:clz’ ink to mndaf the dropc visille,
Tho welative drop sises we:o ncocuieC by placing the stain under o
f;x':’cicule and counting the nuwitc .7 squares covered or partizll;
covered. Since all pertiall, covuirad squares are counted the arca
wac overestinstod. However, siuc. abzﬁoluto values were not of interest
‘in this constancy test, this wor not regurdcd as sericus., The relicoility
of this counting proocedure wuo lontol by measuring cne drop mezy tines
et different orientations to ithe ;riticule, The 25 measurcmants
tsZen had & mean of 9}.&; and steoidood devistion of 1.76. This gives
R the 957 confidence interval for o noesurement of the area of this
stein a5 93,84 3.45 4.0, 93,3 ;7.7 . It was assumed that the
others would vary similerl, meanihg that it was 957 eertain that
the neasurements are within L, of the true value.

Four drops at each of cloven differeat drop frequencict woie
ccu ik, fig. 2.24, and measured, e results showed mo serious
veriztion in drop size. The chons¢ Sn drop size from light to modoiate

rates of reinfall amounis to J.7. of the mean which is within the
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.. the estimated error of measure:cat.

Laving established that tu¢ drop size was sufficiently constant,
1ts absolute size was determined. Inis was done by allowing measured
volumes of water to fall frou o burette into the collection cone.

“The resulting dfops were counted witin the aid of the electronics
déscribed below, The water was i'cd from the burette at differing rates
to allow for the slight variation in size with rate, The drop sise
was calculated frou the quotient oi' the total volume of water passed
end the total number of drops counted. The determination gave a drop
size of 0.0593 cm3 as has buen mentioned above, The cone and drop

| former are shown in fig, 2.25.

Tne grid
'The grid has to be constiructcd so that alternate wires are

connected together while being insulated from their neighbours,

Adjacent wires must be sufficiently close for the drops to be sure
of ﬁridging the gap, but not so close that water will remain to bridge
the gap when the drop has passeid Lhrough the grid. The maximum
permissible separation is clearly tie drop radius. For 0.0593 cm3
drops the radius is 2,46 mm. ..1lowing for the finite width of the
grid wires a& nominal separation of 0.1°* was‘adopted. This fairly large
value was used to minimise the cunance of remnant water bridging the
£ap.

The first grid was constructed from parallel wires of tinned

copper. This grid at first perfornmed satisfactorily, but the electrolysis

b !
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dhe

which_occuzr@d durih; occacional. cccidential bridging procduced a
Geposit which eventually impeircd ilo effectiveness.

If was decided to use ax inert material for the second grid.
This Was.conatructed similarly Tro: rold wire. However, it w.s
difficult to maintain sufficic:i tersion during construction. This
reculted in a variafion in specing 21lowing bridging of remnant water
in placec and oﬁly single wire coantzet in others.

The final grid, showa in .ig. 2,25, was macde with stainlecs
stcel sewing needles (diam. 0.5 =). These were chosen as being
irert. electrodes to. the elecirzl;cis of water and rigid.

The electronics

The simplest feasible arruizement is shown in fig. 2.26. It
vas found to vork but not well. -he pulses produced by the drops
'_passing tﬁrough the grid were vory rogged; often causing the_counter

" to register two counts for one'drop and occasionally being too short
to be registered at all, Also ihe current required to energise the
‘counter was lerge enough to shorte. appreciably the life of the
trancistor,

It waé decided to use the initial pulse to trigger a one shot
multivibratér. This enables the pulse to be converted into a'élean'
pulse of any desired length.

| The maximun counting rate of thé electromagnetic counter
available was three counts per sccond, There was, therefore, no point
'in designing the one shot to Le much faster than this. The pulse

length adopted was about 100 ascc given approximately by 0.7 RC shown
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- Fig..2.27 ' El;cfrqﬁics of the rainfall recorder -
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in the circuit diagrem fig. 2.27. .. potential difference of 12 v had
to be appiied across the grid o encble a drop to trigger the one shot.
Since the counter required a large current it was switched by a relay
which, in its turn, was energived by the one shot pulse after suitcble
amplification;

Application to subseguent automatic recording

The system proposed (Chapier 10) requires each instrument to
give a VOltage output betwoen_o - 12 volts. This was achieved with
a rotary stepping relay. This is & relay device, in which each
ection causes a wiper arm to sweep one step round a circle of 4u
‘contacts in fhe nanner of a unicclector. The contacts were wired
onfo a resistor cheain and the wipcr acted as the slider of a potenti-
ometer dropping the 12 volts in 45 steps. Vhen the wiper passed from
.position 47 to O the output was less than tae previous value, This
fact would be used to in preparing a computor programme so that it
would'cgrrectvfor the lack of continuity of the output see fig. 2.20.
ﬁ'ggggestign for improving the eloctronics

'Since the rainfell recorder was built, the author has become
aware of magnetic reed relays. <hese are new devices which consist
of a.reed swifch,-a peir of magnetically operated contacts mounted
in a hermetically sealed glass envelope, whioh,-when surrounded by
a coil, forms a miniature relay. Such a relay coil could be wired
in place of the collector resistor in a one shot. This technique
.'would allow’the amplification stoges to be dispensed with hence

reducing costs while increasing rcliability.
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. Fig. 2,29
~ Drop detection witn

‘:'Aa photo’ transistor
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335.12.30 " Drop deﬁecfion with'a'phbtd resistor
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A further thought on_the grid
Using & grid involves dropping drops through a grid and getting

-a.fagged pulse which requires amplification while risking the
possibility of remant water bridging the insulator. Both drewbacks
could beravoided_by using a photoelectric device to give a pulse when
a light beam is intercepted by a drop. TIwo small experiments were
"tried along these lines. The first, fig. 2.29, using a phototrensistor
0C71P produced a 1,5v voltage pulse which without amplification is
insufficient to energisé e relay. The second, fig. 2.30, emplpying
'Ia‘phofosensitive resistor and a more precise optical arrangement, was
" more proﬁising as an appreciable resistance change was observed.
ﬁowe&er, since the grid system previously described fUncfioned
-safisfﬁctoiily, further development along photoelectric lines was not

un@ertaken.

- 2.4 The Measurement of Wind Speed .
In examining the earlier records it was felt that an indication
of wind speed would ha%e been uséful. A three cup anemometer was in
the author's possession having becn used in an earlier investigation.
-This anemcmeter wes generator type having & bar magnet rotating in a
planeLpérpendicular to its axis Detween two relay coils. In the
earlier work the éurrent induced in coils had been measured with'a
- sensitive moving coil galvanométer. : ’ .

In the van such an oper.tion would have proved most inconvenient.

It was deéided 4o convert the instrument into a contect anemometer,
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'Liis vas achieved by méunting & roed switch beside the rotating
rhagnet. Now whenever the magneiic iield direotion was parallel. ..
to the reed the contacts were cloucd, opening again when the field
direction was perpendicular to thwe reed, Thus two contacts were e
f"orvea‘c'h revolution of the ane.oncier affording aedequate resoluti.n
f‘br guite low wind speeds.,

The reed switch was wired in series wiﬁh an slectromagnetic
cbuntér the registration of which indicated the run of wind, The
wind séeéd itself could be computcd by differentiation of the run
_ of wind, The whole arrangement it shown schematically in fig. 2.31.

Calibration was performec by comparison with a celibrated
meteorological office pattern ancuometer whilst the two were operated
side by side on the b £t. mast used for the a.neﬁxometer in the investi-
gation. The author is indebted to iir., M.J. Smith f'or the loan of
the I, 0. s.nemometer; The calioration curve shown in fig. 2.32 shows
that an onset of ~ 1.4 m/s is required to set the anemometer in
motion., However, this was not regarded as & serious drawback in an

instrument measuring a parameter of' secondary importance.

~ In operation the run of wind was observed at 30 sec intervals

calculation giving the mean wind speed over the interval.

2.5 Zhe Power Supplies

There is little of physical interest in the system of power

supplies used, so this section will only give & brief sketch of what
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Fig. 2.31. Contact cup anemometer .
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 was done. Briefly the low currents were supplied by d:y batteries and
the high currents by chargesble accumulators.

A heavy current drain was madélby three items. The transverter,

type 24/120T by Valradio, required.6.3 amps at 24 volts D.C. The
field mill motor required 3 amps at 24 volts. The insultator heaters
ran from 1 amp at 12 volts, Thesec were supplied from two pairs of
tWo 12‘volt$ heavy duty-lead~acid accumulators, With such a power
drain (234 watts) it was necessary to have very frequent recharging,
It was decided that this could be vest achieved by installing battery
chargers in thg ven and plugging tnese into thé mains overnight, In
this way the accumulators were képt in a fully cherged state., A4s it
is also desirable not to switch off the Rank amplifiers and the V,R,E,
they were run off.the mains overmight, whilst the accumulators were
being recharged. The state of the electrolyte was checked from time
to time and topped up when necessary.

That part of the electronics which required a stabilised power
. supply was fed by a ~12 volt supply, stabilised by & Zenner diode,
'élso teken from the accumulators.

A1l the low current supplies the level of which was not
critical were taken from‘dny battories of the appropriate value, These
batteries were checked periodically and replaced whenever necessary.

.In all‘the ciICuit diagrams, the supplies are from dry batteries
with the excéption of the -%2 v line which is zenner stabilised from

the accumulators..




CHAPTER 3
The Use of the Apparetus

5.1 The Performance of the Apparatus

3.1+1 The collector

Occasionally during heavy fain the gap between the cylindrical
.walls of the tfay and the guard ring was bridged by water. This
‘resulted in an effective short circuit of the input resistance of
. the electrometer, The contact potential due to the different states
of the surfaces becanme apparaﬁt when the resist.nce was so reduced.
Thus the effect on the electrometor of the gap being bridged by water
ﬁaé & massive negative deflection, '

The trouble was always cleared by removing the offending water
"with a piece of adsorbent paper. The trouble could have probably
been eliminated if the tray and guard ring had had inclined edges
meeting at the‘aﬁex of an inverted "V". In such a system the drops
would not have been trapped on a vertical wall where they tended to
| accumulate until a short took place well ?elow the rim of the tray,

Neither arfangement would have helped in snow in which the
colléctor was found to be quite useless due to the bridging of the
gep at the rim by snowflakes.

For use in snow the gap between the guard ring and the collector
would need to be greater than the § to % inch used. A gap of about
one inch would have probebly been adequate. It was not possible to
alter this dimension: without febuilding fhe apparatus. It was felt

“that the incidence of snow did not justify such rebuilding.
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-FMeasurements'could have been taken if the guard ring had
. been removed altogether, However, it was not convenient to rerove
and replace the guard ring so no precipitation cur;ents were measured
in gndw; |
| During snow attention was focussed elsewhere, see chapters 7
and 9.
L 3501e2 Thekcomgensation system
| | | Occasionally it was neceséary to adjust the balance of the
_compenéation arrangement., At ebout fortnightly intervals the ven was
. taken out on a fine day, when the precipitationlcurrent was zero,‘and
~the null balance of:the prooe and plate #mplifiers checked and adjusted
if necessary., There were, unfortunately, times when a record had been
taken before the beslence was discovered to be in need of adjustment.
' On these occasions there was found to be a significant correlation
bétween the current and the differential of the potential gradient, as
- will be shown in éhapter 4 (table L4.2).
It has been mentioned in section 2.1 that local space charges
“were expected to give a statistical scatter to the results, Such a
scatter was bbserved before the long 30 sec time coﬁstant was imposed
‘on'the difference amplifier's output. On occasions when diesel lorries
passed.clése to the apparatus it was possible to see on the probe and
" plate amplifierﬁ“a difference in time of arrival of the field change. .

‘ ‘The effect was not, however, detectable on the smoothed oufput of -

' the‘difference emplifier.
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On one occasion recording had to be abandoned because the wind
was}blowiﬁg raindfops onto the probe. This rendered invalid the
assumptions about the probe current being only field current. On all
other recording aﬁtempts the umbrella provided sufficient protection.

" On a further occasion the probe wﬁs set into vibration by a
strong gusty wind, The violent mobion set up what were presumed to
l'be piezoelectric ourrents in the probe circuit. Fortunately these
windveffects were sufficiently rare to be tolerated without redesign
of'the apparatus. . -
5.1.3.The field mill
o The galibration proéedure éescribed in section 2.2 was performed
every time the‘mil¥ was used. - Some slight adjustment of the gain and/or
| the,set-zero control waé usually found to be necessary., However,
‘tests éhowed that the.calibratiqn remeined constant over periods of
a few hours, It was not therefore necessary to check the calibration
at fhe end of every recording periad.

The only trouble experienced with the mill was & mechanical

failure in the flexible drive. This was found to have been due to the

loosening of a threaded link which was easily rectified,

.3,1.4 The ggjnfallvcdllectgg

‘Tt soon became clear that the operation of the reinfall
 collector wes not satisfactory, Initially the cone Was dry so that
water entering-Stayed as drops on the surface until it became almost

entirely wet. At this stage a drop’s arrival caused a virtual
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'avalanéhé of water into the drop former. After a few avalanches the
cone was restored to a state of beiné nearly dryegain so the process
bégan‘again. The record of rainfall collected was thus a character~
istic of the apparatus as well as the rate of rainfsll. HNo way was
devised of keeping the state of the cone's surface the same all the
time. It was eventuslly decided that the results were not worthy of
" inclusion so none have been given,
3+1.5 The anemometer

| Originglly the anemometer was mounted on the roof of the van.
Héwever; in this position the plate recorded a current which had &
rapidly'vanying component. This was clearly a displacement current
due to-tﬁe mdtioﬁ of' the cups. Vhen the anemometer was moved to a
4 £t. stand away from ihe van the trouble disappeared,

' VUithin the limits of its celibration (1.4 - 10 ms™') the
‘anemometer functioned without problems. Outside these limits the

stend was once blown down!

3.2 [Recording Sites

- The criterie for a recording site was that it should be flat
"‘ wifp-nb'trees, telegraph poles, etc., to distort the potential gradient
and that the run of wind should be as far as possible undisturbed.
It had also to be off the road.yet readily accessible.
| Such & site was found af Sunniside (Ordinance Survey reference

NZ136386). This site is in fact a Durham County Council road gravel
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storage tip. Althpugh adjacent to the road it was found that a
separation of about twenty yardc rendered effects of passing vehicles
négligible.

The Sunniside site was 300 u above mean sea level. Although
higﬁer sites could have been found by travelling further afield it
vas decidedithat more comparable information could be gathered at a
single station than at an assortmént of different sites.

| The author realised that more measurements actually inside
6loudé.may have been made if more fravelling had been done, but felt
that constancy of site was more important in a limited investigation.

Sometimes it was found to be useful to have measurements at
the Observatory either before or efter the Sunniside record to ser&e
as a comparison. Heasurements made at the Observatory must be treeted
with caution if direct comparisons are to be made betweén sites, This
. is because it was not possible at the Observatory to teke the van
to'é place of similar exposure to its position at Sunnisige.

- Two other sites, Hamilton Row (N&177405) and Broompark
(W2245418) were each used once to give low level comparisons with

Sunniside readihgs.

3.3 The Collection of Data

The proposed system of automatic data collection (chapter 10)
bwas not completed so the author had to rely on visual recording. At

half minute intervals readings were entered on a duplicated record
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Sheet; The long time constants of fhe outputs'allowed each reading
to be checked after its entry.

| Aithough this method vas most laborious fhere was the compensa-
tion_of imnediate fault detection. This allowed a fault, such as
: water bridging the collector gap, to be rectified without any great
lbsé in recording time.

' The recording was normally continued until the precipitation
ceased or until a steady stato had been recorded for 30 min, In the
 latter caée éhe.van was moved to a different level and recording
recommenced in the hope of finding infbrmationAabout the vertical

" electrical profile..

3,4 Collection of Meteoro;OEical'Information

. The University Observatory keeps records of the usual

méfeorologiéal parameters. fThe values of any parameter needed was

_taken -from the Observatory's records.

'The general weather situation on a wider scale was found by

" examination of the Daily Veather Report.




CHAPTER 4

Results
4.1 (GObtaining Absolute Values from the Rsw Data

It was intended thaf the University's Elliot 803 computer be
used to pefform the calculétiéns‘for the data anal&sis.‘ It was i
unnecessary to consult the calibration curves in produéing data tapes
for the computer as the coméuter could also perform this task.

The raw data consisted.of neter readings for potentiél gradient
and precipitation current and an integer from 0.to 99;to represent
the run of wind, The values.of potential gradient and precipitation
current were found by direct reference to the calibration curves,
The wind speed was found by calculation of the count in a % minute
intéival by subtraction of succeséife readings then reference to the
calibration curve.

The calibration curves were fitted to third degreé polynomials
using a librery program which is described by FORSYME (1957). (The
abbreviated spelling "program® has become accepted with reference
to computers so is adopted here).

There is 1little to be gained by‘giving the full programs used.
Each was written in the Autocode language which is too specialised
to describe without lengthy explanations. The programs written by
the author will be desoribed with reference to what they did rather
than how they did it.

The raw data were punched onfo paper tape by the secretarial

staff of the computer unit, to whom the author is indebted, Each
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tepe was headed by a number code def:.n:mb the record number, the

| date, start:mg time and finishing time, Vhere blanks occurred in
~ the record of any pammeter o code symbol was punched so that the
computer would recogm.ze the blank.

The 'absolute values from row data program' read in the raw
data and produced; by evaluation of the appropriate polynomial, an
output of the absolute valués for each parameter. \here the code
symbdls wefve‘ encountered they were reproduced on the output tape.
Thus the cutput tape was suitable for direct entry as a data tape
‘ fér subsequent programs. To elininate the possibility of confusion
the number code was reproduced at the head of each output tape.

- At the end of cach record & cumary of the data was produced
'. giving the mean, standard deviation end number of observations of each
_porameter. Table 4.1 was compiled from these data summaries but does

not give all the information contained on the summaries,

4.2 Simuloted Chart
With the records having been taken by hand there was no chart

available for visual inspection. This was regarded as a drawback as
inspection of charts can oftten give birth.to ideas for analysis which
are not apparent from lists of numbers. As the work involved in
plotting the results by hond would have been very tedious it was
decided to get the computer to nerform the task,

The teleprinter uscd had e carriage width of 69 characters so

no great resolution was possible. However, as the chart was only
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required for a visusl aid, from which no measurements were to be
taken, a high degree of resolution was quite unnecessary.

The program read in tapes of absolute values, For each paraneter
the ratio of the value to the full scale deflection was calculated.
A nﬁmber of spaces proportional to the natio'were funched on the out-‘
put tape before a character F, I or ¥ to signify potential gradient,
precipitation current or wind cpeed. Allowance was made for F and
:I being centre zero functions. After each set of F, I and VW a new
line was output signifying 30 seconds of time. After every 20 sets
(10 minutes record) zero markers were printed on the chart o aid
exanination.

After the simulated charts had been printed out the like symbols
were joined with 6oloured ink lines so producing charts which served

as valugble visual aids.

‘4.3 Pair Sorting

Before detailed analysis of ocorrelation coefficients could begin
it was necessary to produce tapes with data in the pairs required.
The original absolute values tapcs could not be used because of the
interference of the thifd paremeter, A separate program was,therefore,
wriften to sort the data into the pairs required.

The pair sorting progrem read the data in sets and punched out
on the output tapes the required pairs if complete. (Often there
were blanks so that only one half of the pair appeared on the absolute

values tape). The computer punched two oﬁtputs one on each of its
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output channels with the two sets of peirs required I, F and I, W.

‘- To test‘ for the effect on the precipitation current of dis-
placement current it was neceésary to have pairs of %—f and I, Since
the time intervals were constant a correlation test of F(t)-¥(¢-30) =
AF with I was all that was necessary,

A small modification of the program allowed it to give an out-

put of pairs of AF and I.

el Correlation Coeffiocients
The basis of the analyses performed was the correlation coefficient.

A program to compute this coefficient was written,

The program read in the tapes of pairs and formed the sum and
sum of squaresof each parameter. together with the sum of the product
of the pairs. Vhen all the pairs had been read the.final calculation
was performed yielding the mean and standard deviations of each
péraﬁeter together with the correlation coefficient., The mean and
standard deviation were not necessarily the saeme as those produced
in the initial date summary because of the blanks having reduced the
deta which was formed into pairs. lowever, tﬁe difference was never
appreciable.

The results of the correlation coefficient computations are

given in table 4. 2.

45 Regression Coefficients .
MORGAN (1960) has described how the best straight line must be




CORRELATION COEFFICIENTS

Record‘Number_ F-1 AF -1 I -Ww
2.0. -0.087 -0.006 -
2.1 0.359 0.355 -
3.0 0.187 10,920 * -
4.0 0.124 0.821 *% -
6.0 . 0.146 0.720 ** -0,099
7.0 ' ~0.054 =0,039 -0,015
7.1 - ~0.051 0.327 -
8.0 . 0,155 -0.442 0.189

9,0 -0.304 -0.179 0.115
10,0 0.191 -0.177 0.117
110 0.731 * -0.075 -0.465
13.0 0,138 0.607 -
131 0.671 -0.223 -
14.0 0,060 -0.063 -
15,0 - 0:163 0.323 -
16.0 - 0,395, 0.760 * -
17.0 0.400 0.021 0.412
18:0 -0.737 0.114 -0.200
19.0 0.541 0.114 -0.121
20.0 -0.435 0.533 -

¥ denotes coefficient significant at 95% level
*¢ denotes ooefficient significant at 99.5% level

Tqble 4,2
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calculated from pairs of data (x,y) when both x and y are subject to

error. The slope, ¢, of the line

y -3 x=X |
av— >z [+ B l’-c1'
O'y O_X-

4 »1ievs between the siopes of the .regression lines of x on y and y on x.
The actual value of the slope depends upon the correlation coefficient
of x and y and a parameter k which is related to the relative'errors
in x eand y. Figure 5.3 in the next chapter shows how sensitive the
sloﬁe is to the relative error of x and y. The figure shows the
slope varying from that of the regression of y on X (when x is free
from error) to that of x on y (when y is free from error),
Lo B) ey
The relative error/\:.s taken a3 5= -/ -? where e denotes the actual

error end o the standard deviotion. How for precipitation current
and potential gradient, since oy and oy vary considerably from record
to record,the relative error ratio cannot be taken as & constant. The
erTors ey and ep Were taken as 0.25 X the range of the plate current
amplifier and 2,75 v/m. These measurements both correspond to the
minimunm resolution of the output meters, The relative error is thus

= 1 0,/0r Using the method of LIOKGAN (1960) the slope o was
calculated. Table L.3 shows the results of the calculations. The

regression coefficients a and b of the equation
I = &8 + by l|*2
are also shown in table 4.3 having been calculated from a transforma-

tion of equation 4.1 in terms of T and I for x and y.



. : "1 =a + bF
Record No. D=l k c Place Notes
G o a x 1011 b x 1011
2.0 | 1,728 -1.42 - - - 0
22 | om- -071 082 |- 26  .0.053 s
3.0 1.58 - 1,37 1.46 | - 17.3 0.210 s
4.0 | “1.803 -1.07 1.08 ‘ 8.0 - 0.108 ] .
6.0 . 0.988 - 0.99  0.95 6.06 0,085 8 .
7.0 . 2,93 - 1.66 - - - s
71 | 0.9% . -09 - | - - - s
8.0 1.275 - 1,22 1.21 - 9.2 0.140 s
8.0 | . 0.25 - 0.26 0,53 0.5¢ - 0.012 5
100" - | 0.534 - 0.83 0.67 | - 1.35 0.032 s
1.0 - | 0892 -0.5 0.89 |- 3.3 0,034 5
13.0 .| 477 -1.79  2.46 - 40.6 1.060 B
13.1 | 0,238 =~ 0.24 0.69 | - 0.48 0,015 s
14,0 - | 0732 -073 - | - - 5
15,00 | 1,00 . -1.00 -1.00 | 4,54 .- 0.001 0 p
16.0 1.84 -1.46 1.33 | - 2.0 0.222 0 pe
17,0 - | 1,72 - - 1.42  1.30 5.8 0.208 s
18,0 4.91 - 1.80 - 1.26 48.4 - 0.560 s
19.0 2.2 . -1.55 1.31 | -17.1 0.262 s
20,0 - | 1.63 - 1.30 -1.26 | 12.3 - 0.187 H

Blaik. smas occir whie C i wdtﬁnnmab(c M"_‘j HOoRGAN (f%o)
. . Symbols and abbreviations
' 0 - Observatory 8 - Sunniside B - Broompark H - Hamilton Row
. p,~_'precip1tation current not compensated for field currents,
e - signiﬁcaht_ éorrelation witﬁ displacement current., ’ '

. Table 4.3
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| Fig. 4.1 shows plotted all the regression lines of comparable
records taken at Sunniside. The records which had a correlation
éoefficient at 95% between‘AF and I were not included as these were
those with appreciable displacement currents. It is quite clear -that
these lines do not conform closely to any one model regression line,
| -This disturbing situation is enlarged upon in chapter five where thé
relation between precipitation current and field is examined in full,

" The broken line in flg. A.1 is the regression line computed from
the centres of gravity of each record weighted according to the
number of observations in thq record. Although not much importance
can be attached to a 11ne roprosenting such a widely scattered set
of date it is encouraplng that the line computed is of the same form

as the accepted line. The regression equation is

-1

- 1,76 x 1071 = 0.0405F x 10”1 an"2

46 Effective Number of Ubservations

It is essential in the use of standard elementary statistical
tests that the observations be independent. Observations are said
to be independent if the selection of one observation from the popula-
tion does not bias the chance, for or ageinst, of selection of any
other for inclusion in the gumple. In records of atmospheric
phenomena & "memory" is often observed. If the time intervals between
observations are less than this memory then the observations cannbt

be independent. In such a'situation the effective number of




Fig. 4.1 Regression 1ihes of comparable records



Sk

independent. observations is less than the actual number of non-
independent observations which would cause errors to be underestimated.
"Such under-estimétion coula very cesily lead to erroneous conclusions
concerning thé significance of oboerved differences.

A record can be said to have a memory if there exists a signifi-
cant autocorrelation coefficient (see section 5.2), The duration |
of the‘memory can be estimated using the method of AWE (1964) who
defined an eutocorrelation length or interval, L, to be the interval
of time within which there exists correlation between the members of
e time series. Pairs of values wiich are separated by an interval
greater than L are clearly uncorrelated and therefore independent.
Awe was able to show thet L = rz(k) dk over the centrsl maximunm of
'tﬁe correlogran of r(k) against k; r(k) is the autocorrelation coef-
ficient of the time series £(t) withbf'(t.pk). The integral must be
found numerically. |

| A much simpler method (COLLIN, Gﬁﬁﬁﬁ and HIGAZI 1966) is to take
tﬁe correlation interval to be that lag which first gifes & value
of r(k) which is not significantly different from zero at the 9553
level of significance., Although this method has little theoretical
justificetion it has been found to give good agrecment with Awe's L.

Once the autocorrelation intgréal is known the effective number
of observations can be caloulated by dividing the actual number of
observafions by the autocorrelation interval.

In the present investigation the records were not long enough

to obtain a reliable estimate of L. However, the results of COLLIN
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(private communication) show that the autocorrelation length, calculated

on-the significance basis, in conditions of steady rainfall is between

L and 24 minutes, the actual distribution is shown in fig, 4.2. How

.clearly the best estimate of L is the shortest: since it is only

during rapidly varying conditions that the true memory will menifest

itself without being exaggerated by the existence of ateady conditions,
The value for L of 5 minutes has been adopted in this investiga-

tion on the basis of Collin's iGSults. All the significance tests

have been conducted on the basis of the effective number of observa-

tions being one tenth of the actual number.
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CHAPTER 5

The Relation between Precipitation Current Density and Potential
Gradient

‘5.1 Introduction

The moét obvious relation for the early workers in precipita;
tion electricity to look for was one between their primary paremeters,

;precipitation current density and potential gradient. ELSTER and
GEITEL (1888) and BRMDORF (1910) found the current density to be

- directly proportional to minus the potential gradient, fig. 5.1.

The term *inverse relation® has been éccepted for this relation.,

(It should be noted, &s is pointed out by CHALMERS (1965), that this

'is not a good description. An inverse relation would normally be -

- interpreted as meaning that a parameter is directly proportionsl to
the reciproéal of another, This is, however; & case where accepted
_usage oﬁtweig}is precision of terminoloy). SIMPSON (1909) obtained
.fesults which showed during rain an excess of'negative potential
gradient coupled with positive précipitation charge.

Since these early reports a very large number of workers have
found evidence of the inverse relation., SCRASE (1938) meesuring
the charge per unit volume of rein found the inverse relation to

 be operétive éver long periods of continuous recording. NOTO (1939)
reoordedvopposite signs for precipitation charge and potential
gradierit in 85% of his 622 recording intervals. CHALMERS and LITTLE

- (1940) found positive rain currents and negative potential gradients
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during a long period of continupus rain,

| The single drop observations of HUICHINSON and CHALMERS (1951)
confirm the existence of the inverse relation. 5o also do the
observations of BANERJI and LILZ (1952) mede with their ingenious
drop catching and recording system. MAGONO, ORIKASA and OKABE
’(1957_) observed the relation for individual énowflakes as well as
reindrops, | |

Mountain top measurements of KUET'INER (1950) on the Zugspitze,
REYNOLDS (1954) in New Mexico and REITER (1965) in the Alps all
showed the inverse relation to exist for solid and liquid precipita-
tion.

When the electrical conditions are steady the inverse relation
is very strong as has been found by SINPSON (1949), SIVARAMAKRISHNAN
(1957) and RAMSAY and CHALMERC (1960).

| On the other hand, SCRASE (1938), in the same investigation,
‘as quoted above, noted that there is nc evidence for the inverse
relation in stormy conditions. ‘i‘his is confirmed by the aingle drop
measurements of GUNN and DEVIN (1953). Reiter, in the Alpine work
quoted, found not an inverse, but a direct relation between the
precipitation from very light showers and potential gradient., He
also found & similar relation for very light precipitation from
alto stratus cloud. Ramsay and Chalmers point out that the inverse
relation is much more predominant in winter than in summer.,

Scrase in his 1938 paper interprets the inverse relation by

supposing that there is some process which gives a charge, usually
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positive; to the raih. the opposite charge remains in the cloud,
or air below, and produces o potential gradient at the ground with
sign opposite to that of the rain.

The inverse relationAdescribeq is not an exact functional
relation but a statistical relation found to ocecur in most conditions.
However, an effect has been found to occur in changing conditions
which results in an exact relation. This effect observed by
SB{{PSOI\f (1949), known as tﬁe mirror image effect, is said to occur
when the records of current and potentisl gradient with time appear
to be mirror imé.ges in the time eaxis of each other. The observa-
tions of the mirror image effect by SIVARAMAKRISHNAN (1957) led him
to the same conclusions as Simpson had reached, namely that since
the potential gradient and current cha_.nge sign simultaneously, then
the charge separation must take place close to the ground.

However, the observations of RAHSAY and CHALKERS (1960),
shoved that there could be Qui,te considerable time lags in an
otherwise normel mirror image effect. Such a lag in phase of current
behind potential gradient, observed by OGAWA (1960), to be some-
times as much as 8 minutes, suggests that the charge separation is
not .always close to the ground.

OV/OLABI and CHALMERS (1965) calculated the cross correlation
coefficients between precipitation current and potential gradient
récords taken in mainly nimho stratus rain. Their correlation

diagrams, shown in OWOLABI (1965), showed that in general the
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paximum Cross correlation coefficient, Bk’ occurred for some non-
zero lag, k, of precipitation current behind potential gredient.

The reason for there being a le.;gv(or lead) betwsen precipita-
tion current and potential gradicnt has been discussed by CHAL .
(1965) for different conditions of developing or moving cloud
systems in the presence or absence of point discharge currenta.
Chalmers'points out that the poriod of lag is not only dependent
upon the electrical state of the cloud, but also upon other para-
meters. The height of the cloud together with the raindrop size
controls the time of fall of the rain, This time along with the
wind shear influences the lag.

The fact that the inversebrelation is so well documented and
readily explained leads one to wonder why it is quite of'ten not
‘observed even in non-stormy conditions. RAMSAY (1960), REITER
(1965) and the current work have all found instances where the
relation is not in evidence,

.'Si_nce the inverse relation is observed as a statistical relation

4t is desirable to conduct the enquiry from a statistical view-point.

5.2 Statistical Terminology
It is not the purpose of this section to give a brief

statistical text book. It is, however, necessary to clarify the
ﬁeaning of statistiocal terms used and to set out & consistent scheme
of notation. The scheme of notation adopted is chosen for its

" relevance to this Thesis and will not always coincide with accepted
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statistical practice., This is unavoidable as current practice does
not gi#e an all-embracing scheme and so leads to ambiguities in‘
‘notation.

| The correlation coefficient, A, is used to give a standardised
' @easure of-fbé~extent of thc-asiociation between two paraneters,
sqy.x and,y.l.If n pairﬁ of date are collected of the form (xi,yi)

. then the correlation coefficicntd is defined as

- n
. 7 (xe-%)y:-§)
. fv: ri(x,g) - (,:l

{5 emr 2 (538 |

izt

This expression- can also be writtcn as

covariance (x.v)

{Va_rianqe (x) variance (y)}£

.Vihen a parameter, x(%), varies with time theré is said to be

a time series., With a tine series there is always some persistence,
v If-the-feréistenoe is of less duration than thg interval between
dbservatioﬁs it is of no consequence. However, if this is not the
cgéevfhen the observation taken at the (i + 1)th instant of time
Will be affected by that tiken at the 1™ instant. There is thus
8 dependenée of each observation upon the previous. The persistence
‘; cén be ﬁeasufed by the autocorrelation coefficient which is defined

4a5 o

/’k = r{x{t), =(t-k))
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Now the auto correlation cocfficient fk will depend upon the
.'valge of the leg, k, which is tolen. Thé extent of persistence will
be indicated by the behaviour of P, with k. For high persistenc
/k will be larger for a particular value of k than it would be for
low persisténce.

It is of interest to consider a particular non-oscillatory
fjpe of variation. If the first auto correlation coefficient ia/°1

then the observetions will be of the form

e SRS
i.e. each observation is composed of a part of the last observation,
depending upon the persistence, and a rendom component ¢» It can
_also ﬁe written that

%2 =P %t
Combining

g2 */"3 P 1 a2
‘Now the last two terms, bejn{; mﬁdom, are independent of X, 80
they will sum to z eré over the whole series. Hence second auto
correle.fion coefficient A, between x; and x, , is /Of . It ean
similarly be shown that ‘
Pe =/
Akcorrelogmm shows the variation of 4 with k and clearly in

this case will be a decaying power series on either side of the
maximun at k = O where clearly o = r(x(t),x(t)) = 1. TFig. 5.2

shows two artificially generoted time series with the same random



Fig. 5.2 T4me sexmies with 1ong ané ahort memories with their
- correlograms . .
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components having high, A, and low, B, persistences together with
their theoretical correlograns.

The idea of auto correlation between a series and itself can
be extended to yield the cross correlation coefficient between two
series. The cross correlastion coefficient for e lag of k between

the series z(%) and y(f) is defined as

R, = ©(x(t), y(t-K))
Hote that the instantaneous cross correlation coefficient R = r{x(t),
y(t)) ='/9. A cross correlogren of R_vs k would show a maximum
association at some, in general non-gzero, value of k falling off
on either side.

If the time series x(t) and y(t) have périodicity then the
correlogramé for auto- and cross-correlation will also exhibit
periodicity.

It is useful at this stage to introduce a well known statistiocal
relation between the correlation coefficient and slope of the
linear regression equation for a set of pairs of observetions of
the form_(xi, yi). |

By the well known method of least squares the coefficients of

the linear regression equation

. = 8 3+ DX,
yl s i

are given by _ _
‘_-_ Z(”Q”‘)(SL"%) Cov ("'ﬂ)

Z(x:,—i)z ] \'( Vg (st)

b

and a:-&*b;ﬁ




low the correlation coefiiciont of x and y is given by

_ 2650 canbyy)
[S ez Tlgegr ] taceratg)t

It can be deduced by inspection of (1) and (2) that

vea~(y) j"z 0y

b= 2
/° var (%) ) 0x R ®))

Henoo the behaviour of the slonc of the linear regression linc can

"

' bBe exanined by considering the behaviour of the correlation coeflicient.
It is convenient to do this ac the latter does not depend upon
the units of x or y, beins o dimensionless quantity.

It is clear from the worl: ¢ited above, particularly Owolebi's,
that the effect of a lag betwecn current and potential gradient will
be to reduce.the value of the corrclation coefficient, (R > I®)
and so the clope of the regression line.-

| Of the ipfinite number of ¢ross correlation cosfficients only
the‘maximum Bk is unaffected by the non-electrical factors vhich
determine k. It would, thercfore, seem that the most fundamenicl
coefficient to consider vould be 3.

Now previous workers have 2ll used the coefficient R = L
either actually or implicitly. .s in general all the results
) &ill have been taken under different lags, comparison of onc

regression equation with onothor cannot be as valid as it would




appear unless the lag is Imown,
It is important to find out by how much R and Rk differ, It
is only possible to anslyse theoretically very simple cases, “hat

follows is an analysis of an idealised situation.

5.3 Analysis of a Special Coc

- RAMSAY ('1960) obseryed periods of almost sinusoidal variations
of cﬁrrent and potenfial gradicnt, The analysis will be made of
the'case where the potentiel gradient and current vary sinusoidally
v)ith the current legging by & phase angle ¢ . It should be noted
that this i3 not an attempt tc; bp.ild a physical model. It is an
aettemnpt to meke & mathematical model of the ideslisation of experi-
‘ ments'& results.

| The potez'ltiai gradient, ¥, seen by a ground observer is supposed
to vary with time as F(6) = F . £ sin 0. Where f is the amplitude
of the potential gradient excursion fro® the mean ¥, and @ is.the
time dependent phase angle of the oscillation. The precipitation
current density, j(®) is suppcsed to be functionally related to
P -$) i.e. lagging in phese behind F(8) by #.
i.e. i(9) = o(F(6 -¢) ')

. where ¢ and c' are constants, (c will ﬁe negative for the inverse

relation), Substituting for ¥6 -@)

j(8)

c (F .;f sin (8 -¢) - c) (&)

& §(8) = § scfoin (8.-¢)
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It chould be noted thot the cose under consideration is &
form of the mirror image ei‘fec.t since the values of the porapetor:
are changing with time.

Fow the relation is not ac precise as has been taken but

Cross

j(6) and (6 - ¢) are ascociated with e./correlation coetficient 1.

Fow using the notation of section 5

£ < 2(3(8), wo)) - L lie), Ke))

O'j O'F

cnd o ;
| cov (5(6), 5(6)) - LUEEDOEIE) s
| J e
' ) sy
(3(8)-3)(¥(s)-F) s =] cf sin (@ -¢) f sin © 49 integroting
0

over one cycle,

[}

rar
of? f sin {6 ~¢) sin 8 a0

o . - .

a4 2 '
cf’z{ cos4»£ sin“edg-sinffﬂsmeccseae}
. o
cfz T co3 tﬁ -
. ' . £21TCOS

o - F = gjcr_‘,' Jas

How tue serial correlation coefficient, R, for maximunm associzvion,

i

1]

which can be called Rg, is glven by
Ry r(i(e +¢), X6})
Lie+d) - Die) - F) do

G;jd-j:‘ fﬁg -

it
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On vsu'bstitution of
i(e +p)
and F(e)

~—

j - cf gin [(94¢) ¢]

P o f sin ) 8

i

- the numerator tecomes for integration over one cycle
| o
[ (ef sin 8)(f sin 8) a8
o :
- cf?;/ﬁ sin%e 9 = ofr
o

. ot

.« R = snmseanarur-y-d
4 cop )

S £

n
-
o
o
o
*

| S5¢d | Discussion

A Morgen (1960) has shown low the coefficients of a regression
equation cen be calculated when both the varisbles are subject to
er‘n_:r. His demonstration shows that if the retio of the relative
- errors of x and y,ae— ;: D is less than unity the slope of the
- 1ine obtained will be less than that when D = 1, Also if D is
'greater than unity the slope ié greater than the D = 1 case, Iig.
5.3 from Morgans paper shows this variation in slope.

Now the effect of Morgen's ideas can be examined. The slope
of the true regressidn line, as can bé seen in fig, 5.3, must always
be greater (in magnitude) than, or equal to, the slope of the
regression of y on X. (That which assumes x free from error). Thus

' the relation (3) can be refornulated as
b2 f .-.'i ‘



€ / Sy
x

“Lines of best fit f_or~ T= 0.5 from. -

. * MORGAN (1960)" .

503

AN

B



67.

.z and the conclusions of the previous seétion lose no generality for
the change. (Clearly the actual value of the slope is changed by
Morgan's considerations but the correlation coefficients will still
- bear the same relation to each other).

Now from this result some tentative concluéions can be made

- to assess the importance of the ideas given above, using the results -
of workers who report lags in the mirror image effect.

RAMSAY (1960) reports the lags of about a quarter of a period
dufing approximately sinusoidal veriations. This, of course, .gives
e value of 7/2 for ¢ which gives zero for the correlation coefficient
even if the association is perfect, So it can be seen that from
(3) the estimate of rggression coefficient b will yield zero.

0GAWA (1960) found phésevlags to occur in the mirror image
effect on 23 océasions out of 129; of the rest 60 were clgssified
J-;s indistinct and 46 as having zero lag. Although not specifically

' stated, it appears that the indistinct classification refers to
those cases with a lag of less than 1 min, The average duration
of a sign, that is to say, a half period, Ogawa found to be 17 mins.
for thé'cases where there was a definite lag. The lags observed
were from 1 to 8 min. giving ¢ values of T/17 to 8‘"/ 17. Such
values of - v}ou‘1d cause ~ and Ry to differ by a factor of from
0,98 to 0,087. Taking the 60-indistinct casesras being of lag %
min. thé factor becomes 0,99 which is not serious.

" Now if the author is correct in assuming the coefficient of

greatest importance to be that asscoiated with maximum association,
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: the consequencés of lags are occasionally serious, It has been
" .shown that Ion occasions for Ramsay's and Ogawa's results that the
regression slope for the instantaneous paomg reduces to almost
‘gero bécauﬁe’ of the lag. It would seem then that there is a way
. of explaining why the inverse relation is not always in evidence.
- As soon as there is a lag which is of the order of a guarter period
g of éhé variotion the instantaneous pairing (j(8), ¥8)) will not
'»show a.ny association,” For even greater lags the association
(j(8), F(8)) would be of the opposite sense to the inverse relation,
All thelwork which has discussed the reasons for there being
any lag has attributed it to time of fall of precipitation combined
with the delaying effect of wind shear. It is clear that in pre-
~eipitation from high clouds the possibility of lag will be greater,
~ 'Tlais will naturally account for the observations that the inverse
‘relation is less prominent in swmer, Also the observation by
REITER (1965)> of a dircet relation Wi‘b-h precipitation from alto

stratus éc}:ﬁld be easily accounted for by a lag of half a periocd,

5,5 Physical Conditions for the Models Validity

: ﬁnfortunately there is insufficient data at hand for a more
quantitative look at the problem of the non-appearance of the

invefse relation,
. It would be useful exercise to point out what would be necessary

~ to give a physical backing to the mathematical model which has been

erected. -
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It would clearly first be necessary to justify eguation (4)

which was: 3(8) = o(F(e -¢) - c*).
The precipitation charge is assumed to be separated at one specific
level,‘say by melting. The precipitation current at the charging
level is assuned to depend upon the potential gradient at that
1éve1. If no further charge separation takes place the current vill
not vary with height so that the current can be expressed es

i(0) = A(F'(6 -¢) - B)
where F' is the potential gradient ﬁhich prevailed in the cloud
when the charge separation responsible for j took place, A and B
are constants associated with the charging process. It is now
assumed that T' in the cloud is linearly related to F at the ground.
(They will certainly not be the samé because of the space charge
on the precipitation), So by adjustment of the constants A and

B to facilitate this change equation } is obtained,

56 PFurther Discussion

Now in general the variation in the cloud would not give rise
to a sinusoidal pattern. However, it would elways, in principle
at least, be possible to perform the analysis on a series of
sinusoidal Fourier components. |

The above account implicitly assumes that the rain all falls
at the same velocity. In practice, there is a spread in the spectrum
of raindrop sizes. Fig. B.A-shows two such spectra plotted from

BEST's (1950) relation
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6 - 1-exp (- aph)?

where G is the fraction of liquid'water composed of diameter drops
of less then x mn falling at o rate of pm b, o, (3 and
>n are constants the average values of which were experimentally
determined., Such a spread of size leadg,directly to a spread of
-‘terminal velocities, | |

To attempt an anéLysis of a model which is close to the
. physical situatiop involves the immense complication of a multiple
sﬁmmation-over a drop size spectru@, which varies with rainfall
rate, and é set of Fburierlcomponents.

‘The author would not suggest that this be done having himself
‘been baulkea by the complexity of the problem. A constructive
suggestion fhe author woﬁld m&ké is that'the oross-correlation
analysis be attempfed to find the lag for ma:imum association. Such
is desirable as it will only be possible to determine the lag by
visual inspection of records when the mirror image is very pronounced.

Once this maximum coefficient of.assoﬁiation is known the
physically more meaningful regression lines can be derivedj with
confidence that a freak leg will not reduce the significance of
a 'lagging association® to a low level.
| ‘The above model would require for the steady state a Fourier
analysis. However, it is possible to consider the effects of leg
for such a situéfion without such complications.
Supp&se that bothvrecords are‘;ahdomly varying time series

. which are correlated at & lag k with a cross correlation coefficient
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of Rka

- Now for lags, i, greater and less than k"Ri will fall off
with li-k| . A cross correlotion disgrem, like Owolabi's, can be
drawn. The sharpness of the peak of the diagram will depend upon
the auto correlation of the two series, If the series have a long
*memory® (COLLIN, GROOM and HIGAZI, (1966)) then the cross~correla-
tion coefficient diegram will have a broad maximum. Thus if the
lag is of the same order és the memory the instantaneous comparison
will yield a strong associetion. Vhile if the memory is short
compared with the lag the instantaneous comparison will bg between

+wo tincorrelated series so the association will be weak,
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CHAPTER 6
Further Discussion

6.1 %Lissajous Plots®

If the mirror image effect is not obviously apparent in a
record the duration of a lag or lead cannot be estimated by inspection.
If also the data are insufficient for reliable g:;; correlation
analysis then some other.wq} of establishing the existance of & lag
or leéd must be found.

In consideration of the‘effect of lag or lead in his records
RAMSAY (1960) noted if consecutive points on the scatter diagrems
of I anﬁ-F were joined & kind of Lissejous figure was formed. Ramsay
obtained ellipses with both clockwise and anticlockwise rotations
for records with well defined mirror image effects. These "Lissajous
plots® are interpreted by considering the intervals between the
maxima of the current-time and the potential gradient-time records.
(The maximum potential gradient is here taken as being the negative
peak)., Fig. 6.1 shows threc ideal cases of (i) there being a lead
of F's maxima before that of i; (ii) there being no lag or lead
between the maxime and (iii) there being a lag of F behind I. 1In the
aﬂsehce of a well defined constant lag the Lissajous plot will not
show a regular geometrical shape. However, if there is a definite,
although not necessarily constant, lag or lead the plot will have a
teﬁdency to either clockwise or anticlockwise rotation.

Lissajous plots for records 3.0 and 4.0 are shown in fig. 6.2.

Both records clearly show a clockwise rotation. However, the examples
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weré‘chosen for their clarity; in most plots there was no obvious
trend towards clockwise or anticloékwise rotation. It was thought
to be desirable to produce some quantitative measure of the rotation,
preferably one to which a test of significance could be applied.

" If the 1line Jjoining consecutive pairs of points was considered
as a vector then the total - moment about the centre of gravity of
the scatter diagram would give a measure of the rotation. lLowever,
"the centre of gravity is the mean over the whole distribution, so
would not be stationary as the record progressed; its position would
chanée as each new point was cntered., This difficulty could only
be.bYerGOme if the moments were tcken about a moving centre of
| _gravity. Such a procedure would lead to computational difficulties
so if was not attempted.

Tﬁe procédure adbpted was very much simplified. EZach three
consecutive points were considered as defining a change of direction
_in either a clockwise or anticlockwise sense. The case of all three
points being on oné straight line was considered neutral, as was the
triviai case where two successive points had the same position. The
‘ratio of the number of clockwise turns to the total number of non-
néutral turns gave a measure of the extent of the clockwise rotation
in the record. ‘A value less than 0.5 clearly indicated an anti-
clockwise rotation.

This measure of rotation is not all that might be desired as
it‘in nd way takes into account the, extent of the turms. However,

'if was felt that in longish records errors would probably cancel
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themselves out. The ratio proved convenient to handle and a

' significance test was quite easily made as will be shown later.

| | A qualitative discussion éf sinusoidal variation is sufficient
" to show that the turning ratio gives a measure of the lag or lead,

If there is no lag‘or lead then the Lissajous plot will be of the
form of case (ii) in fig. 6.1. Thether a turn is clockwise or
anticlockwise is determined by chance alone, If there is a slight
lead in T before I thetplot takes the form of narrow clockwise ellipse
as in case (i) of fig. 6.1. In this case each tum will be clockwise
unless the random component causes reversal. However, over the
record the random effects will be uniform so a ratio greater than
0.5 is obtained, Now if the lead of F becomes greater the ellipse
becomes less narrow and so the tums become even more pronounced

in a clockwise sense, It is thus less likely that the random
components will be able to reverse the turn, Hence the value of the
ratio will be greater, It is thus apparent that the greater the
lead then the greater will be the ratio.

In this sinusoidal case the greatest ratio will occur vhen the
lead is =/2, For greater leads the ellipse narrows from the ciroular
case at w/2 allowing the random effects to increase proportionately.
_Difficulty is encountered with any analysis when the lead or lag
is greater than m/2 for the situati;n becomes ambiguous, Outside
the theoretical periodic cases the problem of ambiguity seldom arises.

It must be noted that if and when it does arise there is no direct

way of resolution.
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In fig. 6.3 the procedure for determining the directions of
"~ the turns is given. The three consecutive points are (x1,y1),

(xz,yz); (xf,yj). In essence the process is to transform the axes
so that the origin becones (xz,yz) and the point (x1,y1) lies on
the negative x-axis of theé new axes XY, Now if p is above the new
K~axis (positivej an anticlockwise turn has been made in going from
(x1,y1), (xz,yz) to (x3,y3). If p is below the new X-axis (negative)
a clockwise turn has been made.

' A program was written to calculete the value of p and to count
the number of times it was <0, >0 and =0, Precautions had to be
built into the program to allow for the trivial neutral points. For
each record the number of neﬁtral, e clockwise, n,s end anticlock=-
wise, na; tums was calculated together with th§ ratio nc/nc+na.

The significance test was devised from calculating the
. probability of getting,the particular ratio obtained or a more clock-
 wise one, on the basis of chance alone. This is done very simply as
the distribution of the number of clockwise and anticlockwise tums
is Binomial. If chance alone operates the probabilities of getting
either clockwise or anticlockwise turns are equal. If the neutral
-turns are excluded then

p(C) = p(a) = 0.5

Thus the probability of getting n, clockwise turns out of N = n, 4,

non-neutral turns is given by

P(o.) = (0-5)
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3o that the probability of getting at least n, clockwise out of N

non-neutral turns is
N
- ~N
©s5) nl

PPl bornd = L S G
r=M, ' .

This latter expression was computed and is shown together with
results of the ratio progrom in table 6,4, A ratio is here said to
be significantly clockwise at a particular level if the probability
of obtaining that ratio, or a higher one, by chance wherc both
directions are equally probable is less than the chosen level, i
ratio is said to significently enticlockwise, similarly, if (1-P)
is less than the chosen level.

The ratios for records 4.0 and 6,0 are in fact significantly
clockwise at 0,050 The probabilities are given as 0.000 because
the fourth figure has been *rounded" off.

| Comparison with table 4s2 shows that of the six records with
significantly clockwise ratios ot some level four have significant
" correlation coefficients of AF with I, Suppose the potential gradient,
¥, varies sinusoidally as
F = FB sin wt
~ then the displacement current is proportional to

a4
at

Thus the displacement current lags behind the potential gradient by

= mFo cos wt.

"m/2 end so a Lissajous plot of F and I where I has a large displace-

ment current component will be clockwise,




Lissajous Durning Ratios

n

Record No. | my n, 1, Patio i‘z";'z'x'; P
2.0 1M 10 12 0.455 0.738
2.1 i3 37 27 0.578 0.130
3.0 6 10 2 0,833 0.019 =
laO 12 9 37 0.718 # 0,000 =
6.0 29 12 27 0,806 ¢ 0,000
7.0 80 37 35 0.514 0.453
7.1 15 0 1 . 0,000 P
8.0 16 45 46 0.495 0.563
9.0 65 23 3k | 0.404 0.9k o
10.0 38 15 10 - 0,600 0,212
11.0 30 1 8 0.636 0. 143
13.0 L2 1 0. 667 i
13,1 .8 6 L - 0.600 0.377 -
14,0 C 10 18 8’ 0. 692 0.038 **
15,0 |21 6 1 | 0,857 0.062 ®
16,0 | 10 22 12 0.647 0.061 ®
1720 | 13 3 8 0,273 0.967 0o |
18.0 7 01 3 0.250 i
19.0 S48 22 15 | 04595 0.162
20.0- 18 .2 2 0,500 | i

% 5ienificantly clockwise ratio at 57 ¢ P < 0.005

¥ v . B 0% ! insufficient

00 *  anticlockwise " e 5}3 gzzzgzggnz ei;‘gr

o ] L ] " n 10/670

" Table 6.1
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" Of course the converse‘is not true as is shown by record 14
where~thé correlation coefficient between AF and I is virtually
zero (-0.06). EVep after rcjecting those recgrds where the displace-
ment cﬁrrént is evident there are.sfiil records having rotations
which must be otherwise explained, Physically the rotations signify
a lag or lead between the current and potential gradient records.

" CHALMERS (1965) has cxplained qualitatively thut one would
lexpect in ihe abseﬁce ofbpoint discharéena lead of potential gradient
when -an unchaézng cloud systen i; approaching an observer, ‘hile
there WOpld be a lag in the pofential gradient record if a stationary
. cloud system were developing. Thus an approaching system would be
‘clockwise while a developing system would be anticlockwise.

" With only one recording station it is difficult to decide which
procéss is,predominant as botﬁ will-uéually exist side by side.
However it is obvious that a fast moving cloud will have a larger
-'approaching'component' than will a slow moving cloud. A&s a very
rough indication of the cloué speed the reciprocal of the isobar
separation on fhe Daily Weather Dteport maps was taken.

The values of ratio againsi the cloud speed for the significant
ratios are plotted in fig. 6.4 Although very little importance can
be attacﬂed to a graph containing 6n1y four ﬁoints two tentative
conclusions can be drawn, The two clockwise observations are associated
’with high cloud speeds while the two anticlockwise observations are

associated with lower cloud speeds. It thus seems that 5oth the cases

postulated by CHALMERS (1965) have been operative. The developing




Nea

1-0

Clochvnsa

—t

Esé..«.o.é-t aou-( .S/ﬂ-ua(
(A-vbsf(wy ME )




78,

situation being evident at low cloud speeds and the approaching
situation evident at high cloud speeds., It must be emphasised that

these conclusions are drawn on very scanty evidence.

6.2 HMeasurements at dlfferent levels

On four occasions records were taken at Sunniside immedlately
before or after a record wes taken at a lower level. This was done
in an ettempt to find information about the vertical proflle of I
end F. The pairs of records 2.0 end 2.1, 13.0 and 13.1, 140 and 15.0,
19:0 and 20.0 show that the time separation between the levels
varied from 16 to 33 minutes. |

Ixamination of tables 41, 42 and 4.3 shows that there was
ih general & aifference in the relation between I and F as well as
in the actual values of I and ¥, However, there was no consistent
patterﬁ t§ the changes.

It would seem that the assumption of the quasi-steady state was
‘not always justifiable, There was no way of telling whether or not
there had been a change in conditions with the horizontel displace-
ment and/or the interval of time between observations. In view of

this uncertainty any explanation of the changes with level would

be quite meaningless.

6.3 Suggestions for further vork
Many of the uncertainties of the present work have arisen from

- the inability of & single station to resolve spatial and temporal
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effects. If the work could be extended to having more than one
simultaneously recording station many uncertainties would be
eliminated. 'A synoptic network Would.be ideal but this would at
present bé beyond the scope of, at least, a University department.

A npinimum sufficient requi:ément would be a stationary
Gbservation point and 2 mobile van, as used by the author, which could
take its position at a point along the wind direction drawn through
the fixed station. Such a pair of stations would be able to
establish the relative importance of the development and motion of
a oloﬁd systems It would be of immense valué to measﬁra tﬁe vertical
wind profile during each record taken by the pair, Such a measure-
ment would remove large errofs vhen analysis involving the cloud
speed is attempted. | '
| If records taken by the pair of stations were sufficiently long
cross correlation analysis as used by OWOLABI and CHALMERS (1965)
would prove a powerful tool in analysis. For this to be used to its
full potential an automatic recording system, perhaps like that
desoribed in chapter 16, would be almost indespensible.

If a realistic investigation of the vertical profiles in
nimbo stratus conditions is to be made the author feels that it
would be necessary to have several stations, like REITER (1965),
'distributed with small horizontal separation and large vertical
separations. It would thus be possible to take simultaneous
observations at different levels. There are so many charging influences

in this type of weather that a single station could only hope to get

e
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repggsenfative readings over ; few, perhaps meny, years of continuous
reOOrding. To solve the verticol profile problem, which this
investigation has failed to do, one of the above two approaéhes
woﬁlcl be necessary.

If 'similar apparatus were to be used it would be desirable
* to develop a less critical method of displacement current compensa-
fiofi. It would also be desirable to render the collector surface
more natural by covering with grass for example, This would avoid
épjum_zatural splashing offects. Such were not noticed but may

nevertheless have been present,



PART II

Chapters 7 to 10

Minor Topics
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CHAPRER 7

Space Charge Keasurements

7.1 Introduction

It was felt that measurements of space charge density in
disturbed weather may have made a useful contribution to the under-
standing of the results of the main investigation. It was thought
that the most suitable method would bé that of filtration. OBEENSKY
(1925) was the first to use a filtration method of measuring space
charge. The collection efficiency of his steel wool filter may well
have been insufficient to trap a large proportion of small ions.
VQNNEGUT and MOORE (41958) have discussed the problem of collection
efficiency which they find increases as the fibre diameter of the
filter medium decreases,

MOORE, VONNEGUT and MALL/HAN (1961) have used with success a
filter of a glass asbestos medium (the Cambridge Filter Corporation's
*sbsolute Filter'). BENT (196L) conducted tests on the small ion
collection efficiency of this filter, whose fibres are of diameter
about 0,5 micron, compared with 50-100 micron diameter fibres
comprising steel wool. Bent found that less than 0.255 of small ionc
avoided capture in this filter.

It was feared by BENT (private communication) that if the
filter material became saturated with water it msy suffer permanent
damage; Such saturation is very likely to occur if a collector is

operafed in wet weather as was ghvisaged by the author. It was,
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'therefore, decided to construct a space charge filter without
employing the expensive filtcr packets used by VONNEGUT and MOORE
| (1958) and BINT (1964). Dr. C.3. Hoore was kind enough to give the
Durbam group a large quantity of the glass asbestos filter paper of
the type used in the commercially manufactured filter packets, A
- cblleotér was designed which c=3zr used a small piece of this filter
pper. The filter holder wes arranged to be readily removable so that

the filter paper could be rcplaced when damaged.

7.2 The bad weather space charre collector

Figure 7.1 shows a diagfam of the space charge collector,

The diégram shows the collec{or dismantled for replacement of the
filter paper. The filter paper is held between two gauzes for
mechanical support, shown by broken lines. The filter holder is
screwed into the cartridge by screw threads CC'. The cartridge is
held to the insulated inner case by threads BB'. The exhaust cone

is - joined to the body of the collector by threads AA', A filter paper
can be replaced quite easily in five minutes.

The filtration propeftias were tested following the procedure
of BENT (1964). The apparatus shown schematically in fig. 7.2 was
vfset up in a sealed room. The out put of the conductivity chamber
~.vas recorded wifh and‘without the filter holder's presence in the

-apace.charge collector. The AC voltége supply to the fan was
édjustéd so that the fan drew air at the same rate in both cases,

‘The flow wes monitored with & stondard gas meter,
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& tracing of the record obtained is shown in fig. 7.3. The

shading in the lower portion chowe when the polonium small-ion
| generator was on, The record shows that in the presence of the filter,
‘ no change in the recorded conductivity can be detected. The smallest
: deiectable Qhange above the noise level would have been about 1 nw.
wa in the absence of the fil%or the VRE registered 500 mv sc; that
the filtration can be seen to lave removed all but less than 1 part
in 500 of the amall ioné. Taus the filtration is better than 99.3;)
for ions contributing to the conductivity of the air. This figurc
shows that the bad weather collector was as _good in its filtration
propérties as was Bent's collector. ‘

There Was one serious dmwbac;ﬁ to the collector constructed.
The area of the filter was very much less than that of the Cambridge
f’ilter; Theré was a considemble pressure drop across the filter
ﬁhich necessitated using o poverful extractor fan, Thilst this
was no problen in the laboratory tests, difficuity was found in
obtaining a sufficiently powerful fan to run off the van's limitcd
power supplies. This problez was not solved in the time aliotted to
the project, so the bad weather céllector was not operationally usecd.
It has, however, been used in ¢ labofatory investigation by Ur. L.N.
Rogers who found it to function satisfactorily:

It ha,:; been mentioncd earlier that Mr,- Ogden was conducting 2
finé weather space charge investigotion using the van, Although the
aim of wet weathér measurenents could not be realised some measure-

ments over melting snow surfoces were attempted in collaboration with

Mr. Ogden.
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7.3 Ihe Osden space charge collector

" This collector was built with minor modifications on the
BENT (1964) pattern using a Capbridge filter. As will, no doubt,
te fully described in Mrf Ogden's Thesis, an adequate flow could

be achieved with the Cambridge filter.

7.4 Space charges over meltins snow

Observations of electrical effects associated with blowing
snow made by SIMPSON (1919) in the Antartic formed the basis of a
theory of thunderstorm charge separation, SIMPSON and SCRASE (1937).
The space charge distribution in the lower 3 m of the atmosphere
was inferred from potential measurements by MAGONO and SAKURAI (1963).
They found negative space charge upto the first metre and poskive
thereafter,

Direct measurements of space charge at two fixed levels by
BENT and HUTCHINSON (41965) showed that in certain conditions over
melting snow the space charge vas negative at 1 metre while positive
at 2 ms These conditions were found to persist in conditions of
strong mixing, Their explanation was that there was a separation
of charge at the surface liberating negative charge to the air, The
upper positive charge was thought to have been produced by the blowing
of snow at sub-zero temperature on the high moors from which the wind
was blowing, It was thought by Bent and Hutchinson that the process
of charge separation involved may have been the same as that

dcscribed by DINGER and GUNN (1946). Bent and Hutchinson found that
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" ne ;uch charge separation occurred when the wind speed vas conéiderably
- lesc than 10 m 8-1.
| It was pfoposed with the mobile apparatus to try and verify
the.observations of Bent and Hutﬁhinson. The plen was to measure
vertical spaée charge profilec over snow surfaces at sites above and
bslow the 0°C isotherm.

© To measure the profiles the space charge collector was pivoted
at its centre of gravity and en inlet pipe fitted so that the height
of the intake could be varied from O to 2 m in as many steps as
desired.

It was felt that a.profile of closely spaced vertical soundings

may bave been able to detect the effect in conditions where the two

fixed level measurements lacked sufficient sensitivity.

7.5 Results and comments

o Several profiles were measured in the winter 1965-66 but the
results were not found to be resroducible, The lack of success was
attributed to the fact thot the inlet pipe was made of rubber. The
rubber was thought to have had static charges on its walls. The
field set ub by these charges would attract smell ions of the opposite
sign to thé walls., As there wviould heve been static charges of both
sims on the walls, itAseams that the rubber tube would act as an
efficient, although undesircble, small ion trap, It has been noted,
uhfortunatexy too late, that this effect was found by NOLAN and KEINY

(1953) for condensation nuclei.




86.

The rubber inlet was replaced by cardboard but e satisfactory
method of fixing the tube was not found.

The eventual solution of raising and lowering the whole space
charge collector was decided upon. There have been no suitable
canditions for the experiment since the last solution was implemented.
It is hoped that Mr. Ogden will be able to get some satisfactory

results in the winter of 1966-67.
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CHAPTER 8

Charge Separation at Power Lines in Fog

8.1 Introduction

Observations at Kew Ubseivatory from f933-1938 (B.N.R.)
"showed long periods of negative potential gradient in the absence
of precipitation. CHALMEKS and LIVYLE (1947) found in Durham
‘negat;ive conduction currents and potential gradients when the two
nearest metéo‘roiogical reporting stations reported mist. Also they
noted thet there were no such reports on the occasions when they
observed normel positive values. Their conclusion that the negative
potential gradient was associated with the mist was supported by
the observations of CHALMERS and HUTCHINSON (1949). - The latter
* workers néted negative potential gradients in the presence of
®*high hanging fog".

Such observations suggest & process of ohargé separation which
is not connected with precipitation. This hypothesis was verified
by CHAIMERS (1952) using a portable field measuring device. In
‘conditions of mist or fog, Chalmers made journeys to the east of
Dp_rham making regular measurements of field. The source of the charge
separgtibn Was found fo be high' tension electricity lines where
negative space charge is liborated at the rate of some microamperes
per pylon, This of course assumes the liberation to be at the pylons,
fr;'o_m whence comes the maximum hissing noise in mist or fog.

MEHLEISEN (1953) has detected this effect at distances of up

to 7 kn down wind of & power linc, E&IT and HUTCHINSON (1966)
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detected an exoéss of negative space charge at Durbam Observatory

when the nearest mist was upwind on the coasst at a distance of 14 k.
To investigate this phenomenon further it is first necessary

to establish the validity of the assumption that the charge separation

takes place at the pylons, rather than uniformly along the power

lines.

8.2 Relevant apparetus .

The effect can be examined by observing the potential gradient
duc to the liberated space charre. If the wind direction is known
the source of the charge separdtion can be easily pinpointed. The

van is eminently suitable for such an investigation as it is movable

el

ond is fitted already with & field mill.

.~

It was found, as it was, by CHALMERS (1952), that no useful
reédings could be taken within about 30 metres of the pylons, as
the 50 ¢/s signal was picked up and amplified. No 50 ¢/s discrimina-
tion had been built into the field mill amplifier, nor was it thought
to bevworthwhile for this minor investigation. All observations were
made at a distance of 40 m from thg power line.

A simple wind vane was construcied and was observed visually

to get the wind direction.

- 8.3 Results
The experiments were conducted in a field at Vhitwell near

Durhan by kind permission of the farmer. The site was chosen because
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‘it had a power line oroésing from roughly North to South end a pylon
in such a position that it was epvroachable from both East and
\.est, fié. 8.1.

Runs round the path :BCL were mede with continuous conitoring
of potential gradient and wind direction, The results, which vere
quite reproducible, were tulen on mornings when there was mist or
fog in late October 1965.

A typicel morning's (1%.10.65) results are shown in fig. J.2
In all cases the wind speed wac vory low (less than 1 m s™'), T
wind direction fluctuated considerably but was in generel perpenCicular
to the power line,

It can be seen quite clearly in the downwind runs that the
ﬁéﬁimum depression of potential gradient occurs when the wind blows

from the pylons to the field mill.

8.4 Discussion

The experiment showed quite conclusively that the charge
separation does, in fact, take place at the pylons to a greater
extent than it does along the lines,

A much more elaborate experiment would be required to detect
if any separation takes piace between the pylongs. It would be
necessary to make observations simulteneously at several points up
aﬁd down wind of the line beforc one could be sure that the depres-
sion observed was not due to thut at the pylon. Also the simultiaeous

observ.tions would eliminuto errors due to changes of potential
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gradient with time,

The cause of the charge neparation is likely to be due to
insulation breakdown. This resvlte in currents flowing across the
surface of éhe insulators proiuciné ionizatién in the air nearby.

:ow since the potential of thc line alternates the attraction anc
repulsion of each sign of ion will also alternate. The negative
particles produced by ionisatio: will be electrons, although thece
will soon become attached tc pcqtral molecules to form ioné of
mﬁlecular size. However, in the tUime before attachment, the electrons
have vastly greater mobility than the molecular sized ions.

Thus, in the negative phase of the altermating voltage, electrons
Wili be repelled from the line. liow the distance they will reach
wiil depend hpon how long the electron remains free, When-attachment

takes place the velocity will be greatly reduced due to the relatively

low mobility of the largser ion.

3.5 Quentitetive discyssion

Yhether or not negative space charge can bg liberated by
this process depends upon how far the electrons travel before their
capture. If this distance is grester than that which a small. ion
will travel in half a cycle the negative small ions formed by
electron capture will not be drawn right back to the line in the

subse@uent positive half cycle, =c¢ will contribute to the ztmospheric

| space charge,
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The critical distence, d, wuicn a small ijon can travel in a
| half cycle is given by
| a = _f (L dat
| integrating dver half a cycle., where p is the small ion mobility
and ¥ the maximufn local potentiui gradient. To a first apprpximation
¥ can be takeﬁ as the quotient of' the line voltage, V, and the

length of the insulator, 1. uiie expression for d is then

001
J' uV_ sin 100t 2u Vv

d = o = —_—
| o . 1 100w L
~ Substituting for

ks 152107 ns e
Vo= 132KV
end 1 = 1.2%=m
g . 2xisz1tyamp a0’ o,
= 100 X 1.25 =T
 MUHLEISEN (1961) citing LELRD (1913) has stated/in moist air

the lifetime of free electrons is increased from the usual 1070 sec

to about 10~ sec. Now those elcctrons which are produced et the
" instant of the peak voltage will travel the greatest distance. At
‘the peak voltage the ratio F/p in V.m-1/mm.H5 is 1125-2%-;%3- = 140,

The experimental data of NIELSEN and BRADBURY (1937) show that the
. _eiectz'on drift velocity is 14 x 103 m, 3_1 in air for such ¥/p, So

in their lifetime of 102 sec these electrons will travel 0.1k

P

which is greater than the critical distance of 0.1 m.




of escaping electrons can bé deriveds

‘8

.

¢ = 100x T

AL electrons liberated before T will escape.

At lee'have

BT Vsime +\/‘ WV _8in® as
- d Jo

100x d

So° Be T sind uZOE .=: 0
100 =

Thus  prosind - B

100x%

Now u s electron mobility ~

107 -1,

(1 - cosd )

u,‘small {on mobility = 1.5 x 10

\L’uv sing 4o
a #
100z 4

Ts electron lifetime ~ 10 =2 hence _p =« 5X 10” -7
- 100n

So ve have,10‘6 6100 - 501077 (1 - coso)

i.:e.' 2 SinB -1l+cC

Solution of which gives

ostd

cosf

6

= 0

=1 or

-0.6

= 0 or 127o

2 gft = 100x t

~

‘Thus fraction of liberated electrons escaping in each cycle is

127/360

—
=

354 3%

o2

1
30

"Aésuming a constant electron mobility an eétimate of the proportion

-4
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~dectrons will escape &3 voltages below the peak as long as
the drift velocity is sufficicnt for electrons to exceed the critical
'distance in their lifetime., 'l critical drift velocity is
clearly /107 = 10* m s, The data of Neilsen and Bradbury show
that thié is equivalent to o critical ¥/p of 90 V.m’1/mm.Hg. This
volue is achieved in the présent circumstances by e line voltage of
85.5 kv. | | |

“It is a trivial matter to chow that the alternating line
voltage is more negative thon 83,5 kV for 1/3.6 of & cycle. Thus
it can be seen that 27.8 of clectrons produced by ionisation travel
‘furthér than thé critical distance and so contribute to the
atmospheric space charge ;n capturce and formation of small ions.

Now clearly the gctuai estinate of 27.8% is not highly accurate
depénding as it dqes ﬁponfa first order approximation. However,
| it does serﬁe to show that the mcchanism suggested is adequets for
explanation of the phenomena. The precise proportion of escaping
.electrons depends upon the locel maximum field. The proportion is
not quite independent of the actuzl line voltage because the electron

mobility is not quite independent of ¥/p.

8.6 The next steps

A remaining question of interest would be to examine the
 ion spectra with distance from the pylons. This would presumably
' Change as the small ioms initially produced become attached to

larger neutral particles forning large ions. It surely must have
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‘been the large ions which we.e obaerved, at considerable distances
£rom pylons by BENT and HUTCHINSON (1965) and MUHLEISEN (1953).

In the hope of determining ion spectra a Gerdien tube wés
instolled in the van (see Chapter 9). However, the Gerdien could
only be run on the VRE which was, at that time, in use for the nein
investigation. In fact, there were no suitable fog occasions during
the few weeks that the Gerdicn wes installed.

In collaboration with ¥r. T.L. Ogden, a method of measuring
the large and smell ion contributions of the total space charge was
fevolved, A one inch dianeter tube, about 1 foot in length, was
mouﬁte@_in front of Mr. Ogden's space charge collector (see Chapter )
A boténtial of 24,0 volts was applied to an electrode coaxial With
the tube. This system serves to remove all the smell iens. Their
, mobility is such that, with the flow rate employed, they would all
migrate to the walls or electrbde before they could have reached
the end of the tube.

Thus the space charge collector will only receive lsrge ionms.
If readings are taken with and without the potential applied to the
" ecentral electfode; the contribution of large and small ions to the
total space charge can be deduced. At the time of writing, no
observations have been made in'foé with this apperatus but it is

‘hoped that Mr. Ogden will be able to complete the Work.
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GLI 9

The Measurement of Atmospheric Gonductivity in Disturbed

Conditions

9.1 The Gerdien apparatus

Conductivity has been neasured at Durham by Dr. K,A. Higazi
(HIGAZI and CHALMBRS 1966). One of the chambers he used was

borrowed for the few conductivity measurements made in this

investigation.

The ohamber was made following the design developed by
GERDIEN (1905), The chamber, whose important dimensions are shown
in fig. 9.1, consists of a cylindrical conductor containing a
coaxial rod conductor. The inner electrode 1s highly insulated
from the outer oylinder with P, T.F.E. insulation. The two electrodes
were made of brass cleaned finelly in chromic acid, to render the
surfeces clean and similar to obviate contact potentials which could
have a great influence on the results. (An error of 1 part in 6
would not be an outrageous estimate of the effect).

When a potential difference is applied between the conductors,
a current composed of small ion carriers flows along the potential
gredient, The ionic current of appropriate sign arriving at the
central electrode is amplified and measured with a vibrating reed
electrometer. If the whole arrangement is not shielded then move-
ments of charged bodies e.g. the observer, will cause a displecement

current to flow through the V.R E. As this would clearly give
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spurious readings.the wholc Cerdien system is mounted inside an
carthed aluminium box. The ~ir in the tube is continuously replaced
by & suction fan to avoid reducing the conductivity of the air by
removing the chaige carriers. CUANN (1914) has shown that this rute
of flow need not be constant over the cross section of the tube,

In view of this, no complex ;;uid dynemics need be considered.

In Higezi's work a vacuun cleaner fan was used. In the van
there was insufficient .. C. power o drive the fen so the AC motor
was replaced by a 12v DC motor, as used in automobile heater fans.

. This arrangement of the DC motor, coupled with the vacuum cleaner
fan blades, was caﬁable of drawing 2 lifres of air per second through
the Gerdien tube.

Yo make conductivity measurenents from the Land Rover the
Gerdien tube waé placed on the floor of the van and a 0.5m cardboard
- tube was used as en inlet pipe. Cardboard is a good material to
use for this kind of task as it is a bad enough conductor not to
distort the potential gradient; vhilst it is not a good enouch insula-
tor to hold any residual charge, which would equally distort the
potential gradient round the tube. Then the apparatus was used during
precipitation the cardboard tube never got wet enough to suffer dunage.
The spare tube kept at hand a3 a replacement was not called upon.

The finite length of the apparatus, together with the chosen
rate of air flow and potential difference, impose a lower limit
upon the mobility of dons which can almsys contribute to the ionic

cﬁrfent. CHALMERS (1957)(§70) has shown that the time t taken for
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ion of mobility w to get from the outer cylinder to the inner

cylinder under the influence of a'potential difference V is
2 2
(a - 12) 1n(&/b)
.2 @V

where a and b are the outer and inner radii respectively of the-
Gerdien tube and 1n represents natural lsgerithms to the base of e.

_ Equatlng this tlme to that taken for air flowing at velocity
U to pass through a tube of length L will yield the minimum value of
mobility w which will always be captured. If the apparatus is to:
measure conductivity and not just count ions this minimum value for
mobilify for certain capture should be greater than the typical value
for small ions which L contribute to the ionic current namely

1.5 x 107 (MKS). Por sir flowing at & rete R the velocity will be

= R/n(az - b2) giving:

: 2_2_ a : a
limiting mobility @ = (7-b) 1’2‘( éb)R . 28
2 V w(a“-b") L or V L
= 2"} éox*§§?%2~6 8 _ 4zt nov s

'In the above calculation the potential difference has been taken
as 6v. This value was chosen as it #is well on the ohmic part of the
current-voltage characteristic of the Gerdien tube. An experimental
current-voltege characteristics is shown in fig, 9.2.  The figure
clearly shoﬁs the transition from an ohmic regime through an ion
collection regime to‘saturation when all the ions available are

carrying current to the central electrode,
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There are a fow practical soints to be discussed with respect
to this Gerdien apparatus.

Piezoelectricity wiil always rear its head when currents of
10712 amperes are being measured. The piezoelectric currents set
u§ in the cable from the heud ﬁnit to the Gerdien tube due to
vibration can be immense commared with the signal currents. They
afe, however, easily removed by the employment of coaxial cables
with solid outer conductors.

In exact meaaurements'of conductivity at s particular level
it is necessary to apply a potential to a conducting ring on the
end of the cardboard tube air inteke, This potential is equal to
that of the surroundings and serves tB eliminate distortion of
the potential gradient (HIGAZi 1965). However in this investigation
where the tube protrudes from the Land Rover - a conducting box -
such a correction ‘would be irrelevant compared with the distortion
of the potential gradient due to the Land Rover itself.

The high humidity conditions of precipitation could also Ee
a cause of trouble. Thé P.T.F Z. insulators are run without heaters
in the Gerdien tubes, thef 5&& ﬁave failed with respect to the 1012
ohm input reéistor employed. Because of this risk the chamber was
operated in a room at 2 teﬁperature of 21°C and 100 relative humidity.
These conditions were meintained by boiling a kettle for une hour
and tﬁere was no indication whatsoever of an insulation failure.

There would, in the conditions of fog and precipitation

proposed for investigation, be o large number of water-bormme charges.



98.
These can be considered as lar-e or super-large ions depending upon
their droplet size, They,yill clearly have very small mobility so
will not contribute to the conduction current in the Gerdien tube,
However, the central electrode vill catch some large ions by impaction.
The contribution of this source of current to the central elsctrode
will depend upon the out of balance large ion distribution. The
current due to this source can be determined by running the Gerdien
tube without any potential difference (the small ions can be filtered
out eleotrostatically) and the impaction current measured. It was
‘found experimentally that the contribution of impaction current ws

measurable but small.

9.2 Results in snow

The only results of interest taken with the Gerdien chamber

‘were obtained on 26,11.65 in conditions of steady continuous snowfall.
Readings of positive and negative conductivity together with
potential gradient were taken at Sunniside and the Observatory. As
only one chamber was installed in the van the positive and negative
conductivities had to be réoér&eé consecutively. The potential
gradient was observed all the time. The readings at Sunniside and
the Observatory were separated in time by 25 minutes and in distance
by 13 km,

" he results obtained are given in the order that they were
taken, being exhibited in table 9.1. The subscripts 1 and 2 refer

to the low level and high level results respectively.



Paranmeter Units Value llotes
At Sunniside _
conat otivity. A -1y =1 =1 .
Negative conductivity, A, 10 ""ohm m 0.216 Mean over 15 min.
Positive conductivity, Ny | 107 Wohn 'm™' | 0,515 | tean over 15 min.
Potentia;Qgradient, Eé : V'm.1 + 500 | tlean over 30 min.
Air temperature, T, % -2
At Observatory
o t Al =1 -1 :
Positive Conductivityj'x, 0 Tohm m 1.38 tlean over 5 min.
Negative Conductivity, X, 10 o™ 0™ | 2.30 | frean over 5 min.
Potential Gradient, F, Vo - 100 | Mesn over 10 min.
Air temperature, T, °c +1 '
Precipitation Rate, R om of equivalent- 2.5 | Ilean over two hours
water, hr™! of fairly constant
' : snovfall.
=

Heights of recording stati

ons above sea level:

Sunniside ‘ 00 m
Observatory 100 m
Table 9,1




99.

Throughout fhe experiment the-snow fell at an apparently
" constant rate at both sites. Yhis subjective observation was
supéorted by scrutiny of the observatory's precipitation record which
" shows a linear rise in precipitation amount over a period of two
hours which .includes the experiment,

At the upper level, the snow was observed to be dry with a
flake diameter of @bout 5mm. A4t the lower level the snow wes wet
" with larger flakes of sbout 1,5-2 ca diameter. |

The totel ionic current density, j, a level is given by:
. je(NeADF
Apjlying this equétion to the results gives ionic current densities
‘at the two levels of

12 A, m-z

2 A‘m.z.

jg = =3.68x 10~

and 32 = 4 3.65 x 10"'1

9,3 Discnss;on‘
| If it is assumed that a quasi-steady state prevails, it is
possible to deduce a value for thé current generator producing the
change of ioﬁic current with height. In a quasi-éteady state the
figufes represent a current ggnerator equivalent to 7.33 pico Coulombs
,fgr ééqondlover a 1 m° column between the levels. That is an
' a#erage charge separation rate of 3,66 x 10~ ¢ p 3571,

~ The only likely source of charge'separation would seem to have
beén the partial melting which océurred. If the vertical temperature
gradieﬁt was uniform between 1lhe levels, then the charge separetion
-3¢ p3 57!

rate in the melting region would have been 1.1 x 10
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This compares with the figure of 1.6 x 10"11 C m_3 3-1 for a thunder-
storm, |

Now the value of these results cannot be rated as very high
-in view of the manner by which they were obtained. There are
alternative explanations of the results which do not involve the
'as.swnption of a steady state. For example, the results could reflect
a change with time of the situation which took place while the
van was being taken from Sumniside to the (bservatory. Or, there
may he.v‘e been a spaﬁial change in conditions, so that the implicit
assumption that the measurements token reflect the true vertical
proﬁle ﬁas false,

Criticisms such as the above could be satisfied by having a
wide network of stations. ‘These would be able to resolve spatial
a.rid temporal changes and allow & vertical profile to be confidently

built.

It would be of great interest to measure simultaneously the

|

ionic and precipitation currents in, below and above the melting

rogion. Such measurements would tie in nicely with the work being

done on the melting of individual snow flakes in Japan by KIKUCHI

(1965) and MAGONO and KIRUCHI (1963). Such a combined attack would

- perhaps establish quite definitely the widely held belief that the

melting process plays a predominant part in precipitation electricity.
Unfortunately, time and weather did not allow repetition of

this experiment, before the VRE wus restored to the precipitation

‘current apparatus of the main investigation.,
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* CHAETER 10
" Appendix - Ihe Automatic Recording of Data

10;1 Introduction
| Earlier in this Thesis, especially chapter 2, references
‘have been made to a proposed automatic recording system. Although
no system was ever operationelly used the author spent e good deal
of time in designlng and developing a prototype systen, For complete-
ness this appendix gives a brief descfiption of .the system. The
reader will not be troubled by the electronic details., Only a
desoription of the logic is given in terms of *black box" elements.,

. The requirements of an automutic recording system were taken
as being as follows, It must be possible to record several inputs
on a single tracks each input Being sempled in turn. The sampling
‘cycle mnay be Weighfed so as to gi?e more frequent readings of the
more importanf peremeters, It must be possible to allow the gystem
.to run for considerable recording periods without attention. The
accuracy of the recorded parameters'must not be limited by the quality
of the recording system; that is the paremeter must be able to be
recorded as accurately by the system as it could have been without.
It should be possible to get the date eventually onto a punched paper
,tape suitable for entry as a data tape info a computer,

" Clearly, itAwould not be feasiblé to carry a paper tape punch

“\)BHM U R / \“
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in the van because of the power and space limitations. Thus the
system invisaged was of two stages: a recording onto magnetic tape

and a subsequent play-back onto punched paper tape.

10.2  Reobrdins

fach input in the fora of a DC voltage level is selected in
tﬁrn and convertéd into a pulse chain whose frequency is proportional
. to the voltage level. The voltage to frequency converter used is
that described by DE'SA and MOLY:.UX (1962). Each pulse chain is
admitted for a fixed time interval, so that the number of pulses
recorded is‘fundamental,'thus allowing the subsequent cutput to
be independent of the tape speed. To synchroniée later playback
and counting each recorded 'bit' of data is preceded by a single
trigger pulse. Aqu'bits of recorded data would appear on the tape
as shown in trace H of fig. 10.1.

The circuitry necessary to achieve the above is indicated in
the block diagram fig. 10.2. ¥}l is a free running multivibrator
which controls -the speed of operation of the system. The period
of this element, 500 ms, is shown on the diagram, as are periods.
of alllthe elements. Trace 4 in fig. 10.1 shows the wave form
emitted by FRi. The positive spikes, trace B, produced by the

differentiating element initiate three actions by triggering three

one shot multivibrators, 051, 052 and 0S3. ‘The output of 083 supplies

the trigger pulse to the tape, 052 causes a delay while 051 provides
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2 pulée which, after amplification, causes the input selector to
“choose the next input.

The input selector consists of a rotary relay described in
connection with the réinfall recorder in section 2;3.

At the end of the deley duc to 082, trace D, the spike pro-

'uuced by differentiatlon, trace i, triggers 0S4 OS4 gives a rulse,
trace F, which is fed into the AIlD gate for a fixed period. Vhen,
-and only when, the pqlse frou Osu'and pulses of the pulse chain
fron the Qoltége‘ﬁo frequency converter {V to f) are present do
pulses pass out of the AND gate into 0S5. 085 is presemnt to producc
_ & pulse of the same standard size as those produced by 0S3.

The trigger pulse frow 033 and the signal pulses from 0S5 are
all fed into the OR element, This element gives out a pulse when
cither input is supplied. Thus, the ocutput of the OR element, which
‘ is put onto the magnetic tape, is as shown in trace H,

A prototype of this design was built and operated successfully

for long periods with up to twelve voltage inputs. Without modifica-
".tion ué inputs could be aépiied, each would be sampled once per cycle
of 2. seconds, In pracﬁice,‘it is more likely that only a few inputs

would be present with a more rapid repitition rate.

10,3 Fla, back

The response of a normal tape recording head to & 'square'
pulse is in effect to attempt & Zourier analysis of the pulse.

liowever, @s there is an upper limit to the frequency which can be
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recorded, the analysis is not conplete, The result is that the
recorded pulse is not clearly defined on playbeck, It is thus
nécessany to employ a pulse shaper before attempting to decode the
recording. .

The playback procedure is siuply to note the trigger pulse and
count all the pulses between oné trigger pulse and the next. The
block diagram fig. 10.3 shows tue elements by which this is done,

Standard sized pulses ifrou the pulse shaper are applied to
Gatés 1 and 2. It is arranged i.at the first pulse to appear on
a tape is a trigger pulse. Iicncc the trigger pulse will be accepted
by Gate 1 whigh‘ig normally open und rejected by Gate 2 which is
normally closéd, |

Having passed through Gete 1 the trigger pulse enters the one
shot multivibrator 0S6. The output of 0S6 is a pulse of 400 ms.
Note that 400 ms from a trigger pulse is a period which includes all
the signal pulses and ends before the next trigger pulse. The traece
I in fig. 10,1 shows the output of 356, The output is used to reverse
the state of gates 1 and 2. Thus for 400 ms following a trigger
pulse gate 1 ié closed while gate 2 is open., Now the signal pulses
which follow the trigger pulse will all pass through gate 2 into

. the counter.
The counter would be some such arrangement as used by BENT (1964&)
and COLLIN (1966) which will produce a punched paper tape output

of 2 count by decatron tubes.
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The prototype of the playbzci: system was not completed by the
author. It is hoped that a rocording system may be built by a
future research student, perhaps on lines similar to those laid
down here, Perhaps another apnroach would be to adopt lines sinilar

to those used in radiosonde equinment,
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NOTE

There are two errors on pages 90/91. Their effect is not

critical but the following modifications are necessary.

| For electrons liberaied at the negative peak voliage thelr
distance of travel will be composed of two parts that vhile free
end that vhile & gmall ion. Since the free life is small the
disfance travelled as.a suwall negative'ion will be that travelled
in ¢ of a cycle 1L e d/2. The condition for escape has to be
mOdifiéd. Escapé is achieved if the electron whille free, can travel

Yo,

The value 132 kV taken for the peak voltage is in fact the

a distance greater than

r.m.s._voltage so a correction must be made here also. Everywhere
132 kV appea;rs the value should be 132/2 KV.
(1) The value of d should read O.14 m instead of 0.1 um.
(11) At the peé.k voliage Ffp = 196 V.m-l/xﬁm Hg 140.
(111) Thué the drift velocity is 16 x 10° m ™t

iv o the electrons travel 0.16 m the ifet ime.
(iv) So the electrons travel 0.16 m in their lifet

Now as d/Q:: 0.07 the condition that the electrons travel £rem
asr : '

Shes, then d/2 is easily satisfied.

Similar modifications render the proportion 27.8;) an underestimate.




