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ABSTRA.CT 

Precipitation currents have been measirred using an exposed 

receiver. Compensation for f i e l d currents has been adhieved by-

subtracting the f i e l d currents to a probe, suitably amplified, 

from the t o t a l current to the exposed receiver. Bie potential 

gradient has been measured using a f i e l d m i l l , the theoiy of -which 

has been rederived. Wind speed -was also measured -with a con-tact 

cup anemometer. The apparatus -was i n s t a l l e d i n a Land Rover thus 

providing a mobile observatory. 

Tcie results obtained l e d to an analysis of -the conditions i n 

quiet r a i n -vAien the inverse r e l a t i o n i s not evident. Ihe slope of 

the regression l i n e bet-ween ciuirerit and potential gradient is shown 
t 

to depend upon the phase angle of the lag bet-ween the current-time and , 
pote n t i a l gradient-time records. 

A method for deducing the lag or lead i n records -wtien the mirror 

image effec t i s not apparent has been evolved from considemtion of 

the Lissajous plots f i r s t described by RAMSAY (1960). The method has 

been used to sho-w some support f o r the ideas of CHAIMERS (1965) 

concerning the behaviour of records taken beneath approaching smd 

developing cloud systems. Both the approaching and developing situa­

tions have been observed. 

• An experiment has been described -vAiich conclusively sho-ŵ  the 

pylon to be the sourceof negative space charge associated -with 

power lines i n mist or fog. An explanation i s offered i n terms of the 

di f f e r e n t m o b i l i t i e s of . free electrons and positive ions -which are supposed 



to be formsd byionisation due t o tracking across the damp insulators. 

The electrons are shown during the negative phase of the l i n e voltage 

t o t r a v e l a distance before t h e i r capture which i s greater than that 

from ^diich they can be drawn back vhen the p o l a r i t y of the alternating 

voltage changes. 

Measurements of polar conductivities at two levels^ above and 

below the 0°C isotherm, have been made dviring steady snowfall with 

a Gerdien conductivity chamber. From these measurements the ciiarge 

separation rate i n the melting region has been estimated. 
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The expexlmental work described herein was perfomed i n an 

instrumental van. The vehicle used ms a long v.'heel-ba3e hard top 

Land Rover. . 

Being mobile, the van was suitable f o r investigations other 

than the main topic described. I n f a c t , several minor investiga­

tions have been attempted, often i n collaboration with a fellow 

research student, Mr. T.L. Ogden. 

This Thesis has been Written i n two d i s t i n c t parts. The f i r s t 

describes the main investieation of rai n e l e c t r i c i t y . The minor, 

investigations have been grouped together and appear i n the second 

pairt. : 

Sjctensive use has been made of diagrams both i n the description 

of apparatus and the presentation and discussion of results. I t i s 

f e l t that t h i s procedure leads to a reduction i n descriptive text. 

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

abbreviations such as [i f o r 10~^ and k f o r 10^ have been adopted 

and used without comment as to t h e i r meaning. Often i n the con­

struc t i o n of apparatus, dimensions do not have to be chosen by 

physical considerations; T.here t h i s has been done no conversion 

from English to metric units has been made. 



ABSmCT 

Precipitation currents have been aeasured using an exposed 

receiver. Compensation f o r f i e l d currents has been achieved by 

subtracting the f i e l d currents to a probe, suitably amplified, 

from the t o t a l current to the exposed receiver. The potential 

gradient has been measured using a f i e l d m i l l , the theoiy of which 

has been rederived. Wind speed was also measured with a contact 

cup anemometer. The appara-tus vras i n s t a l l e d i n a Land Rover thus 

providing a mobile observatoiy. 

The results obtained led to an analysis of the conditions i n 

quiet rain when the inverse r e l a t i o n i s not evident. The slope of 

the regression l i n e between current and potential gradient i s shown 

to depend upon the phase angle of lag between the current-time and 

potential gradient-time records. 

A method f o r deducing the lag or lead i n records i^en the 

mirror image ef f e c t i s not apparent has been evolved from consideration 

of the Lissajous plots f i r s t described by RAMSAY (I96O), The method 

has been used .show some support f o r the ideas of CHALMERS (I965) 

concerning the behaviour of records taken beneath approaching and 

developing cloud systems. Both the approaching and developing sitxia-

tions have been observed. 

An e3q)eriment has been described which conclusively shows the 

pylon to be the source of negative space charge associated with 

power lines i n mist or fog. An explanation i s offered i n terms of 

the d i f f e r e n t mobilities of free electrons and positive ions which 



are supposed to be fomed by ionisation due to tracking across the 

damp insulators. The electrons are shown during the negative phase 

o f the l i n e voltage to t r a v e l a distance before t h e i r capture which 

i s greater than that from which t h ^ can be drawn back when the 

p o l a r i t y of the alternating; voltage changes. 

Jieasurements o f polar conductivities at two levels, above and 

below the 0°C isotherm, have been made during steady snowfall with 

a Gerdien conductivity chamber, FiX)m these measurements the charge 

separation rate i n the molting region has been estimated. 
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PAST I 

Chapters 1 to 6 

Investigation of Precipitation E l e c t r i c i t y 



1. 

CHAPTEit :} 
Introduction 

1.1 Note on the chapter's content 

I t i s not the author's intention to give a survey of the 

history and current state of Atmospheric SLectricity. I f he desires, 

the reader can f i n d such surveys i n the l i t e r a t u r e e.g. TtlLEOH (1950), 

Y/OBdELL (1955), CHALMERS (1957) and ISRAEL (I961). 

Reference w i l l be made to relevant previous work i n the subject 

where i t i s applicable. This introduction w i l l be confined to a 

b r i e f discussion o f the possible causes of the effects which the 

investigation has attempted to measure. 

1.2 Continuous Rainfall 

For the pur^poses of ̂ i l e c t r i c a l investigation CSCffwiinD (1920) has 

cl a s s i f i e d r a i n f a l l i n t o tliree types: continuous or quiet r a i n , 

shower or squall r a i n and e l e c t r i c a l stona rain. The investigation 

described was only concerned vjith continuous rain. 

Continuous r a i n generally f ^ l l s from Nimbo-stratus clouds, 

although quite long periods of rain sometimes f a l l from Alto-stratus 

clouds. For Hie purposes of thi s investigation both clouds can be 

considered as only d i f f e r i n g i n al t i t u d e . The usual mode of fonnation 

of these clouds i s the wara fro n t . I n the warm fro n t a i r rises slowly 

up a gradient of about 1 i n 100. The resultant cooling causes 

condensation and cloud formation. 
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I t i s generally accepted that BL'RGEROri (1933) has correctly 

accounted f o r the origination of nost pr e c i p i t a t i o n i n temperate 

climatea. Precipitation i n f r o n t a l conditions w i l l always s t a r t 

as' snow which may or may not melt before reaching the ground. 

I n a l l stages of the history of a precip i t a t i o n p a r t i c l e from 

i t s foraation to i t s a r r i v a l ct the ground there are some charging 

mechanisms which may be operating;. Pheae may be conveniently s p l i t 

up and the charging considered i n d i s t i n c t regimes. These are the 

s o l i d and l i q u i d phases and the t r a n s i t i o n from s o l i d to l i q u i d . 

To these three must be added any enlarging which occurs because of 

splashing at the ground. 

CHALMERS (1959) has demonstrated that models of the e l e c t r i c a l 

structure of nimbo-stratus clouds can be b u i l t without a detailed 

consideration of the charging meclianisms concemed. As such con­

sideration i s a huge f i e l d i n i t s e l f , space does not permit i t s 

inclusion here. 

1.3 The S l e o t r i c a l Structure of Nimbo-Stratus Clouds 

CHALfffiRS (1959) considers the nirabo-stratus cloud as being of 

s u f f i c i e n t horizonal dimensions to render the edge effects negli^^ible. 

The quasi-steady state, wMch f o r nimbo-stratus can be taken as 

observationally established, implies that the t o t a l v e r t i c a l current 

density i s independent of height. The components of -the t o t a l 

current namely p r e c i p i t a t i o n , conduction and convection currents 

vary i n t h e i r contribution with height, (e.g. the t o t a l current w i l l 
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be comprised completely of the conduction current above the cloud). 

". Although an an a l y t i c a l solution of the general proble-^ i s 

impossible Chalmers has worked out two l i m i t i n g cases f o r both rain 

and snoT? clouds between which tlic true solutions are l i k e l y to l i e . 

The r e s u l t of Chalmers's analysis f o r rain clouds, which i s reproduced 

i n f i g . 1.1, was a v e r t i c a l p r o f i l e of potential. Since the rain 

begaii as snow which i s usually negative there must be a process of 

charging a t or below the melting l e v e l to give the positive ra i n 

current usually observed.e.g. CSfiLIffiSS (1956), The negative space 

charge liberated i n such a separation accounts f o r the negative 

po t e n t i a l peak shown i n the p r o f i l e , Tiie p r o f i l e (c) i s the case 

where the charge separation toJics place a t or near the ground by, 

as SIHTH (1955) suggests, splaahing f o r example. Pro f i l e (a) i s the 

case where the separation talcos place above the cloud base. 

Chalmers believes that (c) i s less l i k e l y than (a) to be near 

the true state of a f f a i r s because the space charge i n the cloud i s 

known to be everywhere negative. A negative space charge requires 

that the p r o f i l e shoxJ-d be convex, viewed from the l e f t , as a simple 

q u a l i t a t i v e examination, f i g . 1,2, of Poisson's equation shows. 

Hence i t can be seen that (a) s a t i s f i e s the requirement where (c) 

does not. 

1,4 The Scope of the Present \.ork 

Using a I»and Rover apparatus to measure precip i t a t i o n current 

and potential gradient has been rendered mobile. From Duiiiam i t i s 

- quite easy to reach places v.'hich are 1,000 - 2,000 f t . above sea level. 
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Often, p a r t i c u l a r l y i n nimbo-stratus conditions such places are 
within the cloud. I t i s thus possible to investigate the e l e c t r i c a l 
nature of the cloud i t s e l f . 

Mobile apparatus also affords the p o s s i b i l i t y of m«dcing com­

parisons of potential gradient and Current at diff e r e n t levels i n 

and below the saaie cloud. Such cotuparisens, i n a quasi-steady state, 

could be of great importance i n investigating the v e r t i c a l p r o f i l e s 

of e l e c t r i c a l parameters, so adding further information t o the work 

of CHAIMSRS (1959). 
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CH.'iFTiffi 2 

The Design and Development of Apparatus 

2.1 The Measurement of ?rccipit::tidn Current Density 

The choice between exposed and shielded receivers f o r the 

measurement of pr e c i p i t a t i o n current has been discussed since the 

f i r s t measurements vrere made; P i t h shielded collector by i l s t e r 

and Geitel (1888) and V.EISS (190S) with his exposed wire brush, which 

would almost c e r t a i n l y have been plagued by point discharge. 

The main drawbacks of the c:qposed receiver i s the displacement 

current which i s also received due to changes i n potential gradient. 

Compensation f o r displacement current i s necessary i f exposed 

receiver results are to bo meaningful,' 

The shielded c o l l e c t o r avoids displacement current by collecting 

the r a i n i n a cone, .usually, wiiich i s shielded fros the potential 

gradient. This method i s successful at a l l experimental sites except 

those at places with a very higii es:posure to potential gradient. 

The top of a metal mast causes a concentration of potential gradient 

such that adequate shielding of/receiver i s quite impractical (see 

CQLLH^ and R4ISBECK I964). The shielded collector suffers from the 

drawback that not a l l the rain i s collected. SCRACS (1938) reported 

that his collector only received h a l f the amount of a standard rein 

gauge. Furthermore the sample collected i s not usually typical of 

the r a i n f a l l i n g . Since i n the presence of v/ind the smaller drops 

are carried closer to the horizontal than asw the larger. The 
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result; i 3 that a shielded collector t u l l c o l l e c t a greater proportion 
of larger drops than i s t y p i c a l of the rain. 

This drawback was demonstrated quite dramatically i n the present 

investigation. On one occasion a shielded collector was borrowed by 

the author during conditions of drizzle. The curjrent measured was 

found to be less when the collector was v e r t i c a l coapared with when 

i t was horizontal facing i n t o the wind.* 

For t h i s investigation i t was decided that an exposed receiver 

would be more suitable as a greater collection area i s possible. 

•Tlius f a c i l i t a t i n g a greater signal to noise r a t i o - an important 

Consideration f o r apparatus which has to be carried, perhaps over 

rough countiy, i n a Land Rover. 

The f i r s t method to be considered was an adaptation of the 

method used by V/ILSON (1908) to measure air-earth current (see also 

CHAIiM3RS 1962). The apparatus needed would simply have been an 

insulated plate with a covering mechanism. 

As the general aim i n the design of the apparatus was to make 

i t suitable f o r eventual automatic recording, t h i s method was not 

adopted as the mechanics of covering and uncovering a large plate would 

have been d i f f i c u l t to automate. The electronics are quite feasible 

as the timing could have been controlled by a stepping c i r c u i t . 

However, i t was decided to have a separate plate f o r p r e c i p i t a t i o n 

current and a f i e l d machine f o r potential gradient. 
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The collect i o n plate 

The plate constructed TTBS c i r c u l a r . This shape was adopted i n 

order to minimise tie r e l a t i v e importance of edge effects. The 

signal from rain current i s proportional to the area of the plate 

while the noise from edge effects i s proportional to the perimeter. 

A c i r c l e , therefore, maxiaises the signal to noise r a t i o . 

The maximum area V7hich could be conveniently supported on the 
2 

roof of the Land Rover was 0,5 n . '>^all3 of 3 inches were spot 
2 

welded onto a c i r c u l a r plate of area 0,5 m . The intervals between 

the spot welds were plugged with f i b r e glass compound to prevent 

leakage of water from the plate. Such leakage woxild give spurious 

results since the tray would behave as a water dropper; drops carrying 

avi'ay charge depending upon the potential gradient. 

The plate was supported on f i v e insulators, i n i t i a l l y polystyrene 

(see l a t e r ) , d i s t r i b u t e d so as to bear the load equally. 

The lead from the plate to the amplifier i n the van below was a 

1 cm diameter h e l i x of s t i f f copper wire of diameter 2 ran. This 

construction allows the lead to be r i g i d during recording due to the 

st i f f n e s s of the wire, thus eliminating spurious piezoelectric currents; 

while the h e l i x can take up aay movement induced by the motion of the 

Land Rover i n t r a v e l l i n g wiiich may liave 4iiBaged a straight r i g i d 

conductor. 

Guard r i n g 

One of the main edge effects i n these measurements i s the charge 

which leaves the co l l e c t o r on a droplet produced by a drop splashing 
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on the c o l l e c t o r tray. I f such droplets stay i n the a i r they give 
no cause f o r worry as t h i s i s a natural, charge separation. I f , 
however, they f a l l to earth o f f the tray they add a spurious component 
to the results. The effect can bo ccmpensated f o r by adding a guard 
r i n g , as suggested by n'lLSOU (1916). Compensation i s achieved since, 
i n the presence of a guard r i n g there i s on average an equal f l u x of 
droplets i n and out of the collector tray. 
Electronics 

. The order of magnitude of pre c i p i t a t i o n current density ranges 
••12 ••'10 *2 ""S from 10" to 10~ Am f o r continuous r a i n up to 10 Am" i n 

showers, the highest ever recorded being 10"^ (CHAUIERS and LITTLE 1947). 

The current density caia be measTc?ed either by measuring the charge 

collected i n an i n t e r v a l or by direct current measurement. For nimbo-

atratus the range of inte r e s t w i l l be that of continuous rain namely 
-12 -10 -2 10 to 10 A m . For col l e c t i o n over periods of some minutes 

charges of the order 10'^^ to 10~^ Coiaombs would be collected. 

Measurement, of charges of t h i s order i s impractical with a 

ba l l i s " t l c galvanometer since the Land Rover's motion would upset the 

delicate l e v e l l i n g neoessaiy. The charge would have to have been 

measured by the voltage i t exerts across a capacitor. Since t h i s 

voltage w i l l be t i ^ s i t o i y i t would be of dubious value f o r automatic 

recording unless the voltage was measured with a voltmeter of extremely 

high input impedance. 

The best configuration f o r i j i l t r a high impedance valve voltmeters, 

the inverted t r i o d e , i s described f o r example by ROT.'SOII (1960) or 
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TE3IAN (I928)(see f i g . 2.1). However f o r the use invisaged there i s 
a fundamental drawback - there i s no way of discriminating the sign 
of the voltage. 

I t was thoiight that a compromise may have been reached by using 

a normal electrometer valve even though the decay would have been 

more rapid. Although such c i r c u i t s , f i g . ?.2, work s a t i s f a c t o r i l y 

the decay was always found to be too rapid f o r automatic recording. 

The voltage produced on a capacitor by a charge could alterna­

t i v e l y be measured by a chopper type amplifier. A transistor chopper 

Would not be suitable as i t would, i n the conduction regime, earth 

and so remove the charge being measured. However, a vibrating capacitor 

would be suitable i f the A.C. amplification stage following i t had a 

high input Impedance. The sign of the charge would have to be 

deteimined by (Employing phase sensitive r e c t i f i c a t i o n . 

The above i s i n f a c t a b r i e f description of a vibrating reed 

electrometer (VHE) - the instrument which was i n fact f i n a l l y adopted 

f o r use. As a VHE was used i t was possible to measure the current to 

earth from the plate d i r e c t l y , which i s more useful than the dis­

continuous charge measurements. 

The VEE which has been amply described elsewhere requires a power 

supply of 2i»jO Volts AC a t 50 c/s. Cuch a supply was generated by 

a s o l i d state t r a n s t e r t e r from a DC supply of 24 v from Lead-Acid 

Accumulators. 



\ 
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Fig, 2.2 ELeotrometer valve voltmeter 
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Insulation 

.The problem of the maintenance of high insxaation i n the lower 

atmosphere has always been d i f f i c u l t . D0LE2AL5K (1956) has even 

been moved to the production of a publication on just t h i s problem. 

The problem i s t o produce an insulator the resistance of which w i l l 

not f a l l to an intolerable l e v e l under conditions of high humidity. 

The best, known insulating material readily available i s 

polytetraflouroethelene (P.T.P.E.). The properties of P.T.F.E, are 

well documented i n the various trade publications of the manufacturers. 

I n the atmosphere the surface r e s i s t i v i t y i s most l i a b l e to f a i l u r e 

due to the formation of a f i l m of water over the insulator surface.. 

An important and relevant property of P.T.T.JS, i s i t s angle of contact 

to water which i s very close to 180°, causing any surface moisture to' 

fonii droplets and r o l l o f f , thus keeping a diy surface. As the insulators 

were not readily accessible (see f i g . 2,5) i t was important that 

they should be r e l i a b l e . A small scale test was conducted with a 

sample insulator, ?/ith the equipnent at hand the highest Aeaaurable 
12 

resistance was 10 XI. This i s quite a convenient value as i t coincides 

with the liighest iaput impedance of the VRE, The experiment ( f i g . 2.4) 

consisted of placing the sample insulator i n a controlled atmosphere 

the r e l a t i v e humidity of which was raised from 60 to 100^ to 85^ 
12 11 m the resistance was i n excess of 10 ohms decreasing to 4*10. ohms 

at 100^ EFI. 

I t would seem that i n using apparatus where the high input 

resistance was needed some heating of the insulators would be necessary 
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to keep the humidity low, w h i l s t t h i s would not be necessary f o r 

lower input impedance instruments-. 

Now since atmospheric water carries a large amount of impurity 

i t was decided that i t would be unwise to allow any condensation 

on the insulator i n ease a b u i l d up of surface d i r t occurred iriiich 

would have lowered the surface resistivity. I t was decided that 

the plate insulators would imve heating i n spite of the foregoing 

paragraph j u s t to be on the safe side. 

3^e heating was done i n i t i a l l y w i t h a small c o i l of wire round 

each insulator each dissipating about 2^ watts. As some trouble 

was experienced due to the low mechanical strength of the beater 

c o i l s they were subsequently replaced by small 2.2 w bulbs which 

proved most r e l i a b l e . 

The configuration of the insulators and t h i n housing i s shoim 

i n f i g . 2 .5 . The insulator i n the diagram can be seen to have 

grooves cut i n t o i t . These grooves increase the path f o r the 

sunfece breakdown smd, aore important, the grooves are cut on a 

lathe vfith a clean t o o l j u s t before the insulators are mounted. I t 

was found that the new cut surface had a very much higher surface 

resistance than a care f u l l y cleaned old surface. 

Compensation f o r displacement currents 

With an exposed, receiver the current measured i s the sum of 

three components; the p r e c i p i t a t i o n current, the conduction current 

and the displacement current i. e. f o r a plate area A 
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where X i s tho a;^iprop3:late polar conductivity a t the 

plate 

P ' i s the potential gradient 

A i s the area of the c o l l e c t i o n plate 

e i s atmospheric p e r m i t t i v i t y 

The conduction current density (AF) w i l l often, though not always, 

be negligible compared with the p r e c i p i t a t i o n current density ( J p)« 
dF 

However, the displacement current density e can quite easily 

be very much greater than and often of the same order as the 

pr e c i p i t a t i o n ciirrent density. j?lg. 2.6 shows the record of & dis­

placement current superimposed upon an otherwise tolerably steady 

r a i n current. Since both the conduction and displacement currents 

are controlled by tho behaviour of the e l e c t r i c f i e l d they can f o r 

convenience be lumped together and called " f i e l d currents*. 

' iiDAMSON (1960) has described apparatus to measure conduction 

current with compensation f o r displacement current. He took the 

d i f f e r e n t i a l output of a f i e l d m i l l and applied i t to one g r i d o f 

a double electrometer t r i o d e : the c o l l e c t o r output was applied t o 

the second gr i d , Aiaplification of the difference i n anode voltages 

w i l l , i f the time constants aue equally matched, be a measure of 

conduction current. The method which produced good results i n a l l 

but veiy disturbed conditions follows GCRASE's (1933) vain attempt 

at compensation. 

Application of Adarason's technique to the present problem 

involves interference with tho input c i r c u i t r y of the VE2 which 
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was not thought to be desirable. 

UmiLSlSSM (private coiaaunication) has used earthed v e r t i c a l 

conducting rods as shielding f o r a collector mounted i n the plane 

of the earth's surface. Such shieldings which would Mily i n t e r f e r e 

with the p r e c i p i t a t i o n to a snail extent, was found to eliminate 

the potential gradient at the collector. Such a method would give 

the desirable properties of both exposed and shielded receivers. 

E l e c t r o l y t i c tank experiments 

The p l a u s i b i l i t y of Mtjhlei34en*s idea f o r a collector mounted 

on the roof of a van was investigated i n two dimensions f o r various 

models i n an e l e c t r o l y t i c tank. 

Tlie models under t e s t were attached to am earthed plate. The 

equipotential surfaces between tlie plates were plotted by selecting 

a voltage with the potential dividing resistance boxes and 

(see f i g , 2.7) and adjusting the position of the probe with the loud 

speaker registers minimum sound. 

Two shapes of model were investigated, f i g . 2,8, which approached 

Kuhleis^en's use i n the plane of the earth's surface and the possible 

configuration on the van. I n practice shielding posts would have 

to be sepai^ited by about 1.3 m. /my post height i n excess of 2 m 

would be quite impractical, so the maximum height: separation r a t i o 

worth investigation was 3:2. The equipotential diagrams i n f i g . 2.9 

show evidence of good shielding f o r high ratios. 

I n the second model the potential of the plate was determined 

by placing the prebe on the collector and adjusting and u n t i l 
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a balance point was found. The r a t i o of ~, gives the r a t i o 
o f the voltage of the c o l l e c t o r to the t o t a l potential difference 
applied. The reduction f a c t o r can be defined as the r a t i o of the 
pot e n t i a l with shielding to that tjithout. From a graph of reduction 
f a c t o r against shielding height ( f i g . 2.10) i t was deduced that a 
height of about 2 m would give a 1Jo reduction factor. 
Field t r i a l s of post 3h|eldin(^ 

Three posts, (2 m high of rr inch diameter brass red) were erected 

symmetrically about the co l l e c t o r plate. The t i p of each rod was 

turned to a hemisphere. 

The testing procedure consisted o f placing a portable f i e l d m i l l 

i n the centre of the collector and comparing the reading i n the presence 

and absence of the shielding posts. A f i n e day was chosen and the 

ambient potential gradient monitored with a second f i e l d m i l l . 

Unfortunately no si g n i f i c a n t reduction i n the f i e l d m i l l reading was 

observed, indicating that the posts provided negligible shielding. 

!Phe project was dropped forthwith. 

Compensation by direc t measurement of f i e l d oiurent 

An obvious method of compensation i s to subtract the f i e l d 

current from the t o t a l current. To do t h i s i t i s necessary to 

measure the f i e l d current a r r i v i n g i n an area equal to timt of the 

c o l l e c t i n g plate. I d e a l l y , vdiat i s required i s a second plate 

adjacent t o the f i r s t which can bo "persuaded" not to accept any rain. 

As t h i s cannot be done what i s required i s some device which w i l l 

accept the same number of lines of foroe as the t o t a l current collecting 
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plate, t u t w i l l not accept any rain* This could be done by inverting 
a plate so that the rain cannot enter; lines of force would, bow-
ever, reach the plate i n the sane tray as they reach an inverted 
f i e l d m i l l . 

Experience with f i e l d mills has shown that some ezposure is 
lost when they are inverted. Thus i t would seem that the area of 
the inverted plate needed to collect the same number of lines of 

2 
force would have to be greater than the 0,5 m area of the original 
collector plate. 

I f the eKjjosure could be increased the siae oo\ild be reduced. 
I t was decided that perhaps an inverted point could be used instead 
of an inverted plate as this would have a greater exposure to the 
fifeld. This method was adopted i n 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 of the plate. 

MeasureDient showed that this could not easily be done. How­
ever, i t was realised that the output of the probe could be amplified 
up before the subtraction was perfonaed* 

The f i e l d current probe was constructed from a saiall rounded 
point protected }yy a brass laabrella f i g . 2.11. 

A second V. E. E, had by this tine been requested for the other 
van-borne experiment by Mr. T.L. Ogden. I t was decided that the D.C. 
amplifier NE 503B made by Bank Nucleonics should be suitable for the 
measurements of precipitation current although not sensitive enoueh 
for the space charge measurenonto as i n i t i a l l y planned by l l r . Cgden. 
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Hie obvious course of an e:xh£iico tcjs taken. Two IIE 503B amplifiers 
were purchased and employed for the measurement of the plate and 
probe currents. 

The difference between the plate and probe currents would nive 
the precipitation current i f the equivalent plane area of the probe 
i s equal to that of the plate. 

The probe was attached to the back of the van, the point being 
about 6 f t . above ground level. Now i f the equivalent plane area is 
not equal to the plate area,- the cain of the amplifier can bo 
adjusted to give an output which can be matched with the output 
from the probe i n non precipitatinfr conditions* 

To determine the equivalent plane area of the probe the outputs 
of the two amplifiers were recorded on a chart, a section of the 
record of which i s reproduced i n f i e , 2,12, Values of current from 
both records were plotted on a (^nxph. shown in f i c . 2,15. The small 
non zero intercept was due to an incorrect zero setting of the chart. 
This, however, ?as not of importance as i t i s the slope of the line 
which pives the qmntity of interest. The slope was found to be 
^•^M -2 2 

X 10 , As the area of tiie plate was 0.5 m the equivalait plane 
I.OU- _2 2 _2 2 area of the probe i s 0,5 x 3^43 x 10 ra = x 10 m . I t was 

found that, and can be discerned from f i g , 2,12, that there was a 
difference in the time constants of the two amplifiers. As the nakerc 
ctrongly discouraged the interference with the input circuitry i t 
was decided to measwe the difference with apparatus having a long Citnc 

constant - the idea being that the differences due to the nis natch 
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of time constants would be smootliccl out. 
2b8 device used to indicate the difference had to hare a time 

constant of about 30 sec. The output of each NE 505B feeds a low 
in^jedance so the value of capacitor necessary i s prohibitively lar^ce. 
Lljat was needed was a device \7ith a low input impedance and a i i i ^ ^ 
output impedance. The device,used f i g , 2.14, iRis what i« loiown as 
a long tailed pair and i s often used for tanperature compensation 
i n D.C. amplifiers. Each transistor deals with one signal and the 
difference betweai the two i s indicated on the voltmeter, the 
capacitor of lOOOfoF imposes a tine constant of 30 sec. The setting 
controls RV1 and W2 are used to set the zero under open and short 
c i r c u i t conditions respectively. 

The gain of the probe's amplifier was adjusted u n t i l no d i f ­
ference could be detected between the plate's and the probe's output 
during non precipitating conditions, fhla system worked satisflactorily 
i n nimbo status weather when conditions are not generally violent. 
The system could not compensate f o r displacaBent currents caused Ifj 
small local space charges which influence the probe and plate at 
different tines and possibly to different amounts. This was 
probably the cause of the scatter shown in f i g . 2.13. 

A direct calibration of the difference amplifier was perfonned, 
the results of which are shown in f i g . 2,15. I t was not thought 
necessary to calibrate the Rmk D. C. amplifiers. 
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2.2 jflxe. Measyurement of Potgn.tj.al- Cradiept 
The vertical potential gradient can be measured directly with 

potential equalisers at different heights. This method usually 
involves a long period for equalisation unless radioactive equalisers 
are used. However, as the radioactivity may distort the measure­
ment of other parameters the indirect method i s usually preferred. 
(The passive probe anteniia described by CROZIEU (1963) is not con­
venient for portable apparatus). 

Coulomb's law gives the sui'face charge density c bound onto 
a plane conducting surface by a potential gradient P as 

o- = - f F 

where e i s the permittivity of "̂ e medium. In the case of the 
atmosphere e can be taken as e^, the permittivity of free space 

-12 -1 
8,85 X 10 F m . For a typical fine weather potential gradient 

-1 -9 
of 100 V m the surface charge density is of the order of 10 
coulombs per square metre. 

This charge density is measured with f i e l d machines by shielding 
some conductor which has been exposed to the potential gradient where­
upon the chari e i s no longer boxind and flows i n the direction of earth. 
The shielding exposure cycle is achieved by moving the shielding so 
as to alternately expose and shield the sensing plate, or to move the 
sensing plate beneath the shielding. The f i e l d m i l l i s of the fonner 
type whilst the agrimeter (Ctt'iLMEES 1953) and the electrostatic 
voltmeter (MATHIAS I926) are of the latter. 
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The outputs of the agriuieter and electrostatic Toltmeter are 
both proportional to the surfacj cliarge density and the frequency of 

the exposure-shielding cycle. Suppose an electrostatic voltaeter has 
2 -1 an area of 50 cm exposed to a ixjtential gradient of 100 t n , B-ien 

for a frequency of 50 o/s the output current w i l l be about 5 x 10"^^ 

i\mps. (The detailed theor:y' of tiie electrostatic voltmeter cm be 
found i n KASSJIR 19^) , In view of the d i f f i c u l l y of amplifying- direct 
as opposed to alternating currents a f i e l d m i l l ?ms used. 

The theory of the f i e l d m i l l 
Signal amplitude 

The cxpoaxre-ahieldin^; cycle i n a f i e l d m i l l i s usually acMeved 
by rotating a vane which is cut into segments of a circle over a similar 
sensing plate ( f i g , 2.16). For a vane of N sectors the apex angle 
of each vane i s n/N. 

The exposable area of the vane i s (r^~ r^) / 2 which can be 

written as 

Iiow the charge bound to an area A by a potential gradient F i s 

q ,= - e A F 

I f the charge on the plate when screened is q^ then the charge q^ i n 

an intermediate position i s given by 

. -n tut q. = q - e i i P — ^ t ô O TT 
where co i s the angular velocity of the rotor and t i s the time elapsed 
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ciiics the lust instant of total i-crceaing. 

Eie displacemoiit cnivoyc ±z ̂ iven by 

II . 1 , .... (1) 

The equivalent oirovdt, including leaks and stays, of the rotor-stator 
assembly i s shovm in f i g , 2.17, Now at time t the voltage V acrons 
the capacitance C i s given by 

since I i.^ ^ i C 

c J . 

differentiating 
dV 1 X dt = C ' DC 

Solution of this differential equation with the boundary condition 
that V = K when t = 0 yields 

V = i:: i^o-^^^^) ^ K .... (2) 

To evaluate this expression a boundary condition which gives 
K i s needed. This condition i s that at the beginning of the n th 
half cycle, when t i s taken as scro, the voltage w i l l be equal to 
the (n-1) the peak value, say. Equation 2 for t =/^f (the half 
period) becomes 

(3) 
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The cuccoGsivo e::panaio.n of eru tioa 3 for a l l n fror. 1 to 'Ivec a 
potter series for V̂,,. The altomction of si^ns is due to the 
alterastion of the si^n of I T?ith cuocecsive half cycles of i t c cquare 
wave . 

where OC = L'i ( T.f (ic) 

I f , for definiteness, the f i r s t half cycle is taken as being 

one of exposure then w i l l be zero as no charge w i l l be bound on 

the stator when i t i s screened from the potential gradient. 

Tho power series i n equation 4 vrlth the last term, (- o6)̂ V̂ , being 
aero i s converging i f oC< 1; which is the case. 

Summation of 4 now gives 

The ambiguity of sign i n equation 4 is removed i f the Miplitude, but 
not the sign of the output is considered for V̂^ and . 
Response time 

I t i s desirable to laiow at what tine i s a good approxiiiation 
to f o r operational use of a f i e l d m i l l . 

The response time can be defined to be tho time taken for the 
i ^ t i o (V^ - Vao )/V*« to become equal to l/e. YiTiere, as above, is 
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the peak voltage amplitude n half cycles after an instantaneous increase 

of potential gradient from zero to F. For equation 5 tbe ratio i s . 

i n terms of amplitude only, 
IR(l-«.)(i-C-«0'') 

(I i-CC) 

(1 .cC) 

N 

Th© value of N for which pC = e" w i l l lead to the defined response 

time. Since OC = exp(_-i^gfBC) the said condition is satisfied when 

N =, 2f BC. A number of half cycles K corresponds to a tiae V2f 

seconds. Thus the defined response time i s equal to EC, the relaxa-

tion time of the stator rotar assembly. 

I t should be noted that to solve the condition l a i d doira, N 

w i l l not i n general be an integer whieh the treatment s t r i c t l y requires. 

However, Vjj for non-integral values of N can be considered as lying 

on the envelope of the peak values of V and the response time can be 

considered as being also referred to this curve. 

Bependenoe upon frequency 

I f EC i s suitably small then the amplitude of the mill signal 

can be taken as | \4o . Substituting for ^,equati<Ma 5 gives 



.4 --x 
lixpansion' of — — gives 

6 
1 f 1 - =c -Hi ' ^ :5c*-*-

Thus the expansions of (5a) gives 

iv.l - - LB -
l^fdC provided « 1 

Substituting for I froa equation (1) 

, Tliuo i t can be soon c A i t tlio output of the m i l l isaLrsctlj' 

proportionol to tho potential (ji-v'-dicat- and independent of the 

frequency provided thct 2a ̂-̂  » 1. 

Clioico of component values 

Value of C 

i'roa equation 6 Q — C. A f 
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For convenience pf a j a p l i f i c a t i o n sn output o f ~ 0.1 mV f o r 1 V/a 

would be s u i t a b l e . With a n o K j a l siise poartable m i l l r^ = 7.5 *nd 
2 

r.j - 2.5 cm g i v i n g an a r e a of 25 «" era . 

These figures y i e l d 

C = 3.85 X 10"''^ X 25 X y .10"^ x 1 

. 2 X 10~^ 

= 548 pP 

This represent* the maximuni acceptable value f o r C required to give 

a large enough signal f o r amplification. I t should be recalled that 

t h i s capacitance includes the capacity of rotor-stator aesembly 

( t y p i c a l l y 50 pF) and the input capacity of the f i r s t stage of the 

ampl i f i e r (say, 3 or k pf). 

Value of R 

I t has been shown i n equation (6) that the output amplitude i s 

independent of the resistance, however, the resistance value does 

have Considerable effects upon the m i l l ' s perfornfinoe. I n the 

equivalent c i r c u i t (fig :2- /7 j R represents the resistive coabination 

of the grid-cathode leakage (or s o l i d state equivalent) of the 

amp l i f i e r input stage and the p a r a l l e l leakage resistor which i s 

incorporated. 

The g r i d current i n the input valve w i l l develop a potential 

drop across R which w i l l put the stator at a D.C. potential d i f f e r e n t 

fron that of earth. Clearly the higher R i s allowed to be the greater 

t h i s e f f e c t w i l l be. Such a D.C. potential w i l l give r i s e to two 

effdcta. • The f i r s t i s the unequal exposure of the f i e l d m i l l to f i e l d s 
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o f opposite sign. The second and more impojrtant i s that a spurious 

signal of -Oie same frequency as the true signal w i l l arise due to the 

varying capacity of the stator-rotor oapaciiy. 

The potential drop across the resis t o r , due to g r i d current 

I i s of course 
e 

Tliis voltage i s also acros. the capacitance which consists of a 

constant capacity C and a variable component due to the change of 

capacity, AC, with the rotor's movement the maximum value of which 

i s AC, The amount of charge held on the capacitance w i l l vary q 

being equal to V AC. The pealc voltage of spurious signal V = = 
C 

y AC = IR ̂  . I t i s necessary f o r t h i s Spurious signal to be smaller 
C C 

thEin that due to 1 v/m, say. i«e. 

f « « 10-^ 

Now C = 350 pP as determined and AC i s ̂ i e a l l y ~ 4pP. An 
-12 

electrometer valve has a g r i d leakage current of the order of 10 A 

IlenceR « '^"'^ ^ 
10"^^ X 4 X "iO 

« 10 ohms, 
8 

This condition i s well s a t i s f i e d by a value of 10 i j , . 

A component value of 200 pP f o r the capacitor which, together 

w i t h the i n t r i n s i c capacity of tlie vanes, gives 230 pP, wMch i s well 

w i t h i n the requirements f o r C. 
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Once K and C have been f l ^ c d the frequency can be chosen with 
reference to the condition f o r nou-dependanc« of output upon 
frequency, f , and resistance, £. i,e. that which requires 

X = l / ( 2 f SC) « 1 

I t w i l l be recalled that t h i c i s the ccaidition f o r the approximation 

that 1 . X 

1 + e 

• I n f a c t f i g . 2.18 shows that t h i s condition need not be taken 

to too extreme lengths. Jig, 2.1o shows the functions y = 3 /2 and 

1-e*"̂  
y .- •""•"•"!;: plotted f o r values of x between 0 and 1. I t can be seen 

1+e . 
that f o r X as large as 0,5 the differences between the functions i s 

barely discernible (1 part i n 5CX)). . 

Thus the frequency condition i s easily s a t i s f i e d , f o r , i n 

pr a c t i c a l terms, the condition becomes 

2f fiC > 2 

i.a f > (BO)'"' 

which f o r the values quoted yields 

f > about 40 

Hence, f o r almost aEQr pr a c t i c a l motor, the frequency presents no 

theoretical problem. This allowc the choice to be mad© f o r electronic 

convenience. 

As audio frequency amplification i s probably the easiest to 

achieve, a 3000 rpm motordilving & 4 vane m i l l y ielding 200 c/s would 

be quite suitable. 
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SiAn dipcrlminwtion 

Since i n the investigatioxa ^jroposed no very high potential 

gradients were l i k e l y to be encpuntpred, i t was decided that a single 

p o t e n t i a l gradient range would -e adequate. This being the case, the 

simplest method of sign diseriaination was that of displacing the aero, 

/a; a u x i l i a i y f i e l d i s best produced by a high voltage over a small 

area of the stator, rather tiian a low voltage over a large area, 3 i i s 

procedure reduces the proporiionate errxjr introduced by contact 

potentials due to surface deteiloration. I t was decided that t h i s 

could be best achieved by applying a voltage to an insulated guard 

ring.. 

The f i e l d m i l l design 

The power available to drive the 5000 rpm motor was 24v D.C. 

Such a motor inevitably produces sparking at i t s commutator. Adequate 

screening of the electromagnetic radiation from such a spaiic requires 

special metals of low pemeability. I t was thought that a better 

solution would be to i s o l a t e the aotor fro.u the m i l l by employing a 

f l e x i b l e drive shaft, Ths use of ;iuch a shaft meant u s i ^ a h i ^ r 

power motor than may have otherwise been necessaiy. The torque 

required to begin turning the vane when transHiitted through the f l w d b l e 

drive was found to be 5»4 ounce-inches. This necessitated obtaining 

a 4 ounce-inch motor to do the job, 

, The m i l l head u n i t was mounted on an outer wall of the van i n 

dovetail slides so that i t could be easily r^aoved f o r tx^avelling and 

stowed s i m i l a r l y inside the van^ The motor was mounted inside the van, 
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tlic f l e z i b l e d r i v e p a s s i n g throUi;h the van wall to1he head u n i t . 

i'o reduce n o i s e and v i b r a t i o n due to the motor, a n t i v i b r a t i o n 

mountings were eng)loyed. These consist of a s o l i d rubber c y l i n d e r , 

on t o each end of which i s bonded c threaded rod. The rubber thuc 

a f f o r d s a f l e x i b l e l i n k which iXJducos the t r a n s m i s s i o n of v i b r a t i o i i a . 

On an i n i t i a l t e s t i t v.ns found t h a t the m i l l was r e c e i v i n g 

p i c k up whicii had the same fret^uency as t h a t of the motor. I t .vav 

f e l t that this may w e l l have been t r a n s m i t t e d from the motor to tha 

s l m f t inside and then conducted along the f l e x i b l e d r i v e to the head 

u n i t . To prevent such conduction, c rubber bonded bush was used to 

l i n k the motor \.:.th the f l e i d b l c d r i v e . Such a l i n k i s a l s o f l e r d b l e 

which bbviated the need to l i n e up a c c u r a t e l y the f l e x i b l e d r i v e v/ith 

the motor s h a f t . I t was found that t h i s measure e l i m i n a t e d the p i c k ­

up d e s c r i b e d . 

To p r o t e c t the cathode f o l l o w e r from the v i b r a t i o n of the 

moving p a r t s of the m i l l , the \7hole moving part u n i t i s separated from 

the m i l l c h a s s i s by a n t i - v i b r a t i o n mountings. The c o n s t r u c t i o n of the 

moving part u n i t i s shown i n tho e>:ploded diagrMi comprising f i g , 2..19. 
I n f i g , 2..19 P r e p r e s e n t s tiie outer c a s e o f the f l e x i b l e d r i v e 

Which terminates i n a s o l i d bush, I I , and the c e n t r a l r o t a t i n g d r i v e 

s h a f t , M. The b u s h N i s r i g i d l y - f i x e d i n t o a b r a s s c y l i n d e r , L. To 

f a c i l i t a t e l i n i n g up the ohaft, I ' , a c c u r a t e l y a b a l l r a c e , K, i s f i t t e d 

i n t o the upper end of L. The plate, G, which screws onto L i s the 

base f o r the mounting of the gtKird r i n g , A, on i t s i n s u l a t o r ^ E,and 

the s t a t o r , C, on i t s i n s u l a t o r s , l i . . The rotor, B, i s caiiiBd by a b r a s s 
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bush,]?, which locates over the drive shaft, M, The whole unit*' i s 
l i n k e d to the chassis by the f l e x i b l e mountings, H, which j o i n the 
base plate, G, to the anchor plate, J. 

The i n s u l a t o r s , w e r e constructed o r i g i n a l l y of polystyrene -

a good insulator i s necessary to maintain the insulation of the input 

of the cathode follower stage, Por the same reasons as f o r the collector 

plate the polystyrene insulators were subsequently replaced by P. i'. P, E, 

insulators. 

Pield m i l l electronics 

Bough calculation showed that the magnitude of the signal to 

be amplified would vary between 1 and IfiO mv. 

The shortage of available power made the use of s o l i d state 

c i r c u i t r y an a t t r a c t i v e proposition. 

A f t e r a b r i e f f l i r t a t i o n with an a l l x t r a n s i s t o r c i r c u i t ("Texas*) 

which proved too much f o r the author's knowledge of electronics, a 

horbrid oiroviit was decided upon, Tliis consisted of a low dissipation 

sub-miniature electrometer triode ME I4O4 as a preamplifier followed 

by straightforward transistorised audio amplifier. The amplifier 

c i r c u i t i s shown i n f i g , 2.20. The c i r c u i t r y of the head u n i t i s 

mounted on a small piece of veroboard as shown i n f i g , 2.21 and linked 

to the chassis by two pieces of sponge rubber. The cathode follower 

c i r c u i t i s quite standard and needs no explanation. The two supply 

voltages were obtained from dry batteries kept inside the van. The 

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

The potentiometer shown betTfOen the head unit and the remainder 

of the amplifier acts simply as an attenuator to cut down the input 

to avoid saturating the amplifier. A preset potentiometer was usacl 

and i t served as a gain control. 

The amplifier employed had a high current gain and was insensi­

t i v e to actual tr a n s i s t o r parameters (CHEERY 1963). A current feed­

back p a i r was used f o r the f i r s t stage. Such a pair f i g , 2.22 works 

with low ( t h e o r e t i c a l l y zero) input resistance and high output resis­

tance. The gain o f the p a i r i s given by approximately l i j / l ^ . 

a m p l i fier was designed to Imve a gain of 100 as can be seen frca the 

r a t i o 2.2k to 22 i t . The bias components and were chosen to 

s u i t , according t o the theory given by Cberiy. The output consists 

of an emitter follower and a trans forroer coupled rectif^ying stage, 

Tho large, l6jiP, smoothing capacitor seirved also to suppress rapid 

fluctuations of pot e n t i a l gradient. The.final output of 0 to -12v 

was displayed on. a O-500 jiA meter v.ith series resistor. 

Calibration of f i e l d m i l l 

As can be seen i n f i ^ . 2.20 a variable series re s i s t o r Wf3 i s 

used w i t h a microanjfeter to form a voltmeter. Before calibration could 

be done the value of i M s resis t o r must be set. This was done by 

applying the output of a signal {generator at the frequency of the m i l l , 

a c t u a l l y I 8 3 c/s, of the amplitude v/hich would just pass undistortod 
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through the areplifier. The value of EV5 was then adjusted t o allow 
the maximum measurable current^ 500 !tA,to flow through the meter. 

I b r easy c a l i b r a t i o n a plate was constructed which q^uld be 

readily f i x e d over the vanes by insulators attached to the base 

plate oftthe moving part \ a i i t described above. In the photo f i g . 2.21 

the c a l i b r a t i o n plate can be seen on the l e f t whilst the holes to which 

i t s insulation p i l l a r s are f i x e d are clea r l y v i s i b l e i n the comers 

of the m i l l ' s base plate. The separation of the calibration plate 

and the stator was 4.5 cm. 

So that the c a l i b r a t i o n of the instrument could be kept constant 

i t was decided to in s t i g a t e a choc]c on each occasion that the m i l l 

was to be used. This procedure was designed to elieinate d r i f t of 

the c a l i b r a t i o n due to deterioration of batteries. With the calibra­

t i o n plate i n place a voltage of 215v from the power supplies of the 

V3E i n s t a l l e d f o r Mr. Ogden's experiment, was applied to the plate. 

The attenuator gain control W2 waa adjusted, i f necessaiy, to give a 

reading of 450 i n the absence of any bias voltage. 

To check the zero the ca l i b r a t i o n plate was now earthed and 

the bias voltage applied. I f necensaiy, the set zero potentiometer 

5W1 was adjusted to give the zero reading of 250, The actual calibra­

t i o n was performed i n two stages: the f i r s t , to get a calibration curve 

i n a r b i t r a r y units of potential gradient, and the second, to f i x t h i s 

c a l i b r a t i o n curve to an absolute vclue of potential gradient. 

The curve was obtained by setting the system as described 
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above then applying voltages to the calibration plate and noting the 
votes 

reading. The voltage applied to the plate Ijeirig an a r b i t r a i y unit of 

pot e n t i a l gradient as the exposure of the m i l l on the side of the van 

was not known. 

This curve was f i x e d to absolute potential gradient by com­

paring the readings of t h i s m i l l tvith-ftiose of a calibrated m i l l 

mounted i n the plane of the earth's surface. The author i s indebted 

to Dr. K,A, Higazi and Mr, ti.l<. Darsley f o r t h e i r assistance i n 

provadijng the standard f i e l d m i l l on the two occasions t h i s procedure 

Tjas carried out. The c a l i b r a t i o n curve i n terms of meter reading 

and absolute p o t e n t i a l gradient i s shown i n f i g . 2.23. 

2,3 The Measurement of I ^ i n f a l l AmoAjnts 

ADKINS (1959) described an instrument to measure the rate o f 

r a i n f a l l . His instrument collected rai n i n a normal rain gauge and 

allowed i t to pass through a noasle at the apex of the collection cone, 

ll i e nozzle was constructed such that the water l e f t the cone i n large 

drops of constant size. These drops f e l l through a wire g r i d whose 

alternate strands were connected together. In passing through the 

g r i d the drops make a c i r c u i t tiu;L8 triggering a monostable m u l t i ­

v i b r a t o r (one shot). The output of t h i s one shot i s fed i n t o a l i i l l a r 

i n t egrator giving a f i n a l output suitable f o r a pen recorder. 

The quantity and rate of r a i n f a l l can be determined from one 

instrument I f a record of volume of rain against time i s taken. This 
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can be done with apparatus s i n i l a r to that of Adkins. Instead of 
integrating the drop count as Adldns did the drop count i t s e l f was 
recorded. The drops making the ci-Cuit across at g r i d prot-cco a 
s±cp.Bl which actuates an electrorm^etic counter. 
,!rhe cone and drop former 

ADmS (1959) and RAIC3.TC}: (1965) constructed t h e i r nozzles 

from brass with a, taper of such dinensiona as to be sure that water 

would always bridge the throat of the nozzle. An oxide f i l m was 

produced to reduce the.angle of contact i n order to wet the surface 

easily. 

I n t h i s investigation a £.da2s tube was t r i e d as a nozzle i n 

the f i r s t instrument produced, the "Mark I " , The use of glass presented 

no dravrbacks and has the advantage of having a suitable angle of 

contact without special treatment. 

The cone of the mark I instrument was made of zinc sheet. This 

mat'erial proved i n t r i a l s to be too rough especially at the j o i n t 

to the glass tube. The roughness caused a good deal of water to 

lo3ge on the surface i n l i g h t r a i n ; there being an appreciable delay 

of some minutes before the surface became sxiffioiently wet to function 

s a t i s f a c t o r i l y , 

To avoid t h i s serious drawback the mark I I instrument employed 

an 8* glass f i l t e r funnel as co l l e c t i o n cone. The drop foraer was 

produced by drawing the f • funnel outlet i n t o a taper. The taper rais 

Cut at a suitable place to i^vc on outlet of approximately the desired 
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size. This method of making a hole of size which i s c r i t i c a l to the 
instrtiment i s not as linsatisfactory as i t may seem, since the nozzle 
has i n any case to be calibrated. This procedure of forming the cone 
and nozzle from the same piece oi' glass removes a l l water holding 
j o i n t s without introducing any further complications. 

The desired drop size can be worked out from considerations 

of the resolution required f o r normal rates of r a i n f a l l with a 

r e s t r i c t i o n imposed by the maximum possible counting rate of the 

electronics. Clearly, f o r accurate resolution, as great a number of 

drxjps as possible should be counted while the maximum rate of inter-est 

siiould noi? saturate the counter or i t w i l l be underestimated. 

I n meteorology rates of r a i n f a l l are cl a s s i f i e d as follows: 

Rate Tsm/hr 

a) very l i g h t drops do not completely wet surface 

b) l i g h t trace < 2.54 

c) moderate ^ 2.54 to 7.6 

d) heavy > 7.6 

(see f o r example Glossary of Keteorology page 464). 

I n t h i s investigation a rate of 2,54 rain hr ̂  had to be readily 
2 

measurable. Per, a cone of aperture of the order of 300 cm a rate 
-1 3 of 2,5 hr would give 1,25 cm per min. Sufficient resolution 

would be achieved f o r a count of about 20 drops f o r t h i s rate. I t 

can be seen that a drop size of O.0625 cm^ would achieve t h i s . Such 

a drop size would indicate f o r the naximxmi counting rate of 3 drops 

per second, a rate o f r a i n f a l l of 22,5 nm h r - ^ This l i m i t a t i o n i s 



ol.vious-3y of no n n i o t i c t t l ii:;.oiv ..u.,. 

[Tliti nos^lo on the oonc u: .. . ;vad an outlet fiiaaetor of 2 

v£ Xch r t s u l t e d i n a drop sisc ^J' 0.0395 oa^ wMcIi g^vo 5lij;MI;y 

boater resolution than requi-'cC^ 

Before Conciderinc J'-- r.c—rrr.ination of the drop cicc, i i . 

ir: nocesaary to prove lti5 OG:^J-^-'^ .nci^ Drops irere allowed to r ^ i l l 

CrC'Z the nor?le onto oorinc; f i l t c - - ..t'.p«r, th« g r i d having boen recoved, 

Hi:.' ijjater used, was stained ^ r i t i i cl; ink to render the dvopc v i . ;:'-lo, 

Cbo i«lj:.tive drop sises we: c ::C;CU-GC. 'by placing tho »tain under a 

t i c u l e and counting the nuiOo .c' sctucxrts covered or partially' 

covered. Since a l l p a r t i a l l ; ; cc.vv;r2u squares are counted the aroa ' 

vac overestimtod. lioweyerj s i i i c . abc-oluto yalues were not of interest 

i i i thi£ constancy t e s t , t h i s not regarded os serious. The r e l i a b i l i t y 

o f t h i s countinc prooedure -KCC ior.toC. by measuring one drop nia.'̂ y tinea 

a t d i f f e r e n t orieatatiooe t o tias i:;r.iticule, Ihe 25 aeaaurcaaente 

taken had a aean of 93.8^ and ot.-:tlai>d deviation o f 1.76. Thic gives 

the OX- confidence i n t e r v a l f o r c .".oaaurment of the aree of t h i s 

s t ^ i n aa $3*%^3-k5 i.o. 9 3 . % jt2.7:'. I t was asauoed that the 

otiicrs would vaiy sisailarl:, meaning that i t tjas 3%' eertadn t l i a t 

the neasorecients a i * w i t l j i a k o'- the true value. 

Four drops a t each of slcTOii d i f f e r e n t drop frequencies woi-e 

ccu;;:it, f i g . 2.24» and oeasured, the re»ilts showed so serioua 

v a r i a t i o n i n drop s i t e . The cli::r^"0 5^ drop si«e from l i g h t to nocl-:;itite 

rates of r a i n f a l l aiaounus to 3.'f. of the mean which i s within the 
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the estijnated error of aeasureacat. 

Laving established t l i a t tlic drop size was s u f f i c i e n t l y constant, 

i t s absolute size was deterained. i n i s was done by allowing measured 

volvimes of water to f a l l fro-j a burette i n t o the collection cone. 

Wis r e s u l t i n g drops were counted \d.tli the aid of ihe electronics 

described below. The water was fed from the burette at d i f f e r i n g rates 

to allow f o r the sl i g h t variation i n size w i t h rate. The drop siae 

was calculated froia the quotient of the t o t a l volume of water passed 

and the t o t a l number of drops counted. The determination gave a drop 

size of 0.0593 cra^ as has been aentioned above. The cone and drop 

fomer are shown i n f i g , 2.25. 

The >i;rid 

The g r i d has to be constructed so that alternate wires are 

connected toj^ether while being insulated from t h e i r neighbours. 

Adjacent wires must be s u f f i c i e n t l y close f o r the drops to be sure 

of bridging the gap, but not so close that water w i l l remain to bridge 

the gap when the drop has passed through the grid. The aaxiiaum 

permissible separation i s cleai-^/- the drop radius. For 0.0595 cm^ 

drops the radius i s 2,46 mm. -^llovjing f o r the f i n i t e width of the 

g r i d wires a nominal separation of 0.1• was adopted. This f a i r l y large 

value was used to minimise the cmnce of remnant water bridging the 

gap. 

The f i r s t g r i d was constructed from p a r a l l e l wires of tinned 

copper. This g r i d at f i r s t perforncd s a t i s f a c t o r i l y , but the electrolysis 
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?;.'dc:i occuiTCo. during- occasior.a:. r;:cidential bridging produced a 
deposit v±ich eventually inijaircd i t s effectiveness. 

I t Was decided to use ar. i i i e r t material f o r the second £rid. 

Tliis was constructed s i m i l a r l y fro:i £-old wire. However, i t v .s 

d i f f i c u l t to maintain sufficiorib tc^^sion during construction. T]:is 

resulted i n a vari a t i o n i n spacing,: ̂ .Uowing bridging of remnant water 

i n places and only single xrirs coritact i n others. 

The f i n a l g r i d , sliown i : i J±c. 2.251 was made with stainlets 

steel sewing needlesi (diaa, 0.5 - - ) • These were chosen as being 

i r epf - electrodes to^ the elcctrr;.!:, cis of water and r i g i d . 

Tho electronics 

The simplest feasible arra:i-^;enent i s shown i n f i g . 2.26. I t 

was found to TOrk but not well, -lie pulses produced by the drops 

passing through the g r i d were v j i ^ - ragged; often causing the counter 

to r e g i s t e r two counts f o r one drop and occasionally being too short 

to be registered at a l l . Also the cuirent required to energise the 

counter was large enough to shorto,: appreciably the l i f e of the 

t r ^ j i G i s t o r . 

I t was decided to use the i n i t i a l pulse to trigger a one shot 

multivibrator. This enables the pulse to be converted into a'clean* 

pulse of any desired length. 

The maximiim counting rate of the electromagnetic counter 

available was three counts per second. There was, therefore, no point 

i n designing the one shot to ue much faster than t h i s . The pulse 

length adopted was about 100 rascc given approximately by 0.7 RC shovm 
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i i i the c i r c u i t diagram f i g . 2.2/. - i . potential difference of 12 v had 

to he applied across the g r i d to enable a drop to trigger tho one shot. 

Since the counter required a large current i t was switched by a relay 

wiiich, i n i t s turn, was energit-eu by the one shot pulse a f t e r suitcible 

amplification. 

Application to subsequent autoiaatic recording 

The system proposed (Ciiaptei' 10) requires each instrument to 

give a voltage output between 0 - 1 2 volts. This TOS achieved with 

a rotary stepping relay. Hiis io a relay device, i n which .each-

action causes a wiper am to sweep one step round a c i r o l e of 4o 

contacts i n the manner of a unicolector. The contacts were irired 

onto a resistor chain and the T.-ipcr acted as the s l i d e r of a potenti­

ometer dropping the 12 v o l t s i n 4o steps. V<Tien the wiper passed from 

position 47 to 0 the output was less than tne previous value, IMs 

f a c t would be used to i n preparing a computor progitiame so that i t 

would correct f o r the lack of continuity of the output see f i g . 2.2ci. 

A suggestipn f o r improvinR the eloctronics 

Since the r a i n f a l l recorder ms b u i l t , the author has become 

aware of magnetic reed relays, ahese are new devices which consist 

of a reed switch, a p a i r of magnetically operated contacts mounted 

i n a hermetically sealed glass envelope, which, when surrounded by 

a c o i l , forms a miniature relay. Such a relay c o i l could be wired 

i n place of the collector r e s i s t o r i n a one shot. This technique 

would allow the amplification sta<;os to be dispensed with hence 

reducing costs while increasing r e l i a b i l i t y . 



Fig. 2.28 Characteristic of automated recorder 
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A ^further thought on the ^ r i d 

Using a g r i d involves dropping drops through a g r i d and getting 

a ragged pulse which r6quires amplification while risking the 

p o s s i b i l i t y of remnant water bridging the insulator. Both drawbacl::s 

could be avoided by using a photoelectric device to give a pulse when 

a l i g h t beam i s intercepted by a drop. Two small experiments were 

t r i e d along these l i n e s . The f i r s t , f i g . 2.29, using a j^ototransiator 

0C71P produced a 1,5v voltage pulse which without amplification i s 

i n s u f f i c i e n t to energise a relay. The second, f i g . 2.30, emplpying 

a photosensitive r e s i s t o r and a more precise optical arrangement, was 

more promising as an appreciable resistance change was observed. 

However, since the g r i d system previously described functioned 

s a t i s f a c t o r i l y , f u r t h e r development along photoelectric lines was not 

undertaken. 

2.4 The Measurement of Wind Speed 

In examining the e a r l i e r records i t was f e l t that an indicaticm 

o f wind speed would have been useful. A three cup aneaoHieter was i n 

the author's possession having been used i n an ea r l i e r investigation. 

This anemometer was generator type having a bar magnet rotating i n a 

plane perpendicular to i t s axis between two relay coila. I n the 

e a r l i e r work the current induced i n c o i l s had been measured with a 

sensitive moving c o i l galvanometer. 

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

I t was decided to convex^: the instrument i n t o a contact anemometer. 
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'xxiis T;aG aciiievcd by mounting a ryod switch beside the rotating 
magnet. Now whenever the magneiic i l e l d direction was parallel.. • . 
to tho reed the contacts were clo:jcd, opening again when the f i e l d 
d i r e c t i o n was perpendicular to tho reed. Thus two contacts v.ere ;cde 
f o r each revolution of the anaaoaoter affording adequate resoluti-.n 
f o r quite low wind speeds. 

ITie reed switch was wired i a series with an electromagnetic 

counter the r e g i s t r a t i o n of which indicated the run of wind. The 

wind speed i t s e l f could be computed by d i f f e r e n t i a t i o n of the run 

of wind. The whole arrangement i s shown schematically i n f i g . 2.31. 

Calibration was perfonned by comparison with a calibrated 

meteorological o f f i c e pattern anoiiiOTieter whilst the two were operated 

side by side on the 4 f t . mast usod f o r the anemometer i n the i n v e s t i ­

gation. The author i s indebted to l i r . M.J. Smith f o r the loan of 

the 111,0. anemometer. The c a l i b r a t i o n curve shown i n f i g . 2.32 shows 

that an onset of ~ 1.4 m/s i s requii'ed to set the anemometer i n 

motion. However, t h i s was not regarded as a serious drawback i n an 

instrument measuring a parameter of secondary importance. 

I n operation the run of viind was observed at 30 sec intervals 

calculation giving the mean wind speed over the i n t e r v a l . 

2.5 The Power Supplies 

There i s l i t t l e of physical interest i n the system of power 

supplies used, so t h i s section \rLll only give a b r i e f sketch of \ihat 



Fig. 2.31 Contact cup'anemometer 
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was done. B r i e f l y the low currents were supplied by dry batteries and 
the high currents by Chargeable accumulators. 

A heavy current drain wan made by three items. The transvortcr, 

type 2V'120T by Valradio, required 6.3 amps at 24 volts D.C. Hie 

f i e l d m i l l motor required 5 amps at 24 volts. The in s u l t a t o r heaters 

ran from 1 amp a t 12 vo l t s . These were supplied from two pairs of 

two 12 vo l t s heavy duty-lead-acid accumulators. With such a power 

drain (234 watts) i t was necessary to have very frequent recharging. 

I t was decided that t h i s could be best achieved by i n s t a l l i n g battery 

chargers i n the van and plugging these i n t o tha mains overnight. I n 

t h i s way the accumiilators were kept i n a f u l l y charged state. As i t 

i s also desirable not to switch o f f the Bank amplifiers and the V. H.E, 

they were mm o f f the mains overnight, v4dlst the accumulators were 

being recharged. The State of liie electrolyte was checked from time 

to time and topped up when necessaiy. 

That part of the electronics which required a stabilised power 

supply was fed by a -12 v o l t supply-, stabilised by a Zenner diode, 

also taken from the accumulators. 

A l l the low current supplies the l e v e l of which was not 

c r i t i c a l were taken from dry batteries of the appropriate value. These 

batteries were checked periodically and replaced whenever necessary. 

i n a l l the c i r o u i t diagrams, the supplies are from dry batteries 

with the exception of the -12 v l i n e which i s senner sta b i l i s e d from 

the accumulators. 
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CHAPISR 3 
The Use of the Apparatus 

3.1 The Performance of the Apparatus 

3,1.1 The col l e c t o r 

Occasionally during heavy r a i n the gap between the c y l i n d r i c a l 

walls of the tray and the guard r i n g was bridged by water. This 

resulted i n an effective short c i r c u i t of the input resistance of 

the electrometer. The contact potential due to the different states 

of the surfaces became apparant when the resistance was so reduced. 

Thus the effect on the electrometer of the gap being bridged by water 

was a 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 i f the tray and guard rin g had had inclined edges 

meeting at the apex of an inverted 'V", I n such a system the drops 

would not have been trapped on a v o r t i c a l wall where they tended to 

accumiilate u n t i l a short took place well below the rim of the tray. 

Neither arrangement woiild Iiave helped i n snow i n which the 

col l e c t o r was found to be quite useless due to the bridging of the 

gap at the rim by snowflakes. 

For use i n snow the gap between the guajrd ring and the collector 

would need to be greater than the ̂  to ̂  inch used. A gap of about 

one inch would have probably been adequate. I t was not possible to 

a l t e r t h i s dimensions without rebuilding the apparatus. I t was f e l t 

that the incidence of snow did not j u s t i f y such rebuilding. 
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. '. • • Measurements could have been taken i f the guard ring had 
been romoved altogether. However, i t was not convenient to renove 
and replace the guard r i n g so no pre c i p i t a t i o n currents were measured 
i n snow. 

During snow attention was focussed elsewhere, see chapters 7 

and 9. 

5.1.2 The compensation system 

Occasionally i t was necessary to adjust the balance of the 

compensation arrangement. At about f o r t n i g h t l y intervals the van was 

taken out on a f i n e day, when the pre c i p i t a t i o n current was zero, and 

the n u l l balance of the probe and plate amplifiers checkef and adjusted 

i f necessary. There were, unfortunately, times when a record had been 

taken before the balance was discovered to be i n need of adjustment. 

On these occasions there was found to be a significant correlation 

between the current and the d i f f e r e n t i a l of the p o t a i t i a l gradient, as 

w i l l be shown i n chapter 4 (table 4.2). 

I t has been mentioned i n section 2.1 that local space charges 

were expected to give a s t a t i s t i c a l scatter to the results. Such a 

scatter was observed before the long 30 sec time constant was imposed 

on the difference amplifier^ output. On occasions when diesel l o r r i e s 

passed close to the apparatus i t v?as possible to see on the probe and 

plate amplifiers "a difference i n time of a r r i v a l of the f i e l d change. 

The ef f e c t was not, however, detectable on the smoothed output of 

the difference amplifier. 



44. 

On one occasion recording had to be abandoned because the wind 
was blowing raindrops onto the probe. This rendered i n v a l i d the 
assiimptions about the probe current being only f i e l d current. On a l l 
other recording attempts the umbrella provided s u f f i c i e n t protection. 

On a further occasion the probe was set into vibration by a 

strong gusty wind. The violent motion set up what were presumed to 

be piezoelectric currents i n the probe c i r c u i t . Fortunately these 

wind effects weare s u f f i c i e n t l y rare to be tolerated without redesign 

of the apparatus. 

3.1.3 The f i e l d m i l l 

The c a l i b r a t i o n procedure described i n section 2,2 was performed 

every time the m i l l was used. Some s l i g h t adjustment of the gain and/or 

the set-zero control was usually found to b e necessary. However, 

teats showed that the ca l i b r a t i o n remained constant over periods of 

a few hours. I t was not therefore necessary to check the calibration 

a t the end of every recording peidod. 

The only trouble experienced with the m i l l was a mechanical 

f a i l u r e i n the f l e x i b l e drive. This was found to have been due to the 

loosening of a threaded l i n k which was easily r e c t i f i e d . 

3.1.4 The r a i n f a l l collector 

I t soon became clear that tho operation of the r a i n f a l l 

c o l l e c t o r was not satisfactory. I n i t i a l l y the cone was dry so that 

water entering stayed as drops on the surface u n t i l i t became almost 

e n t i r e l y wet. At t h i s stage a drop's a r r i v a l caused a v i r t u a l 
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avalanche of water into the drop foraer. After a few avalanches the 
cone was restored to a state of being nearly diy«(gain so the process 
began again. The record of r a i n f a l l collected was thus a character­
i s t i c of the apparatus as well as the rate of rai n f a l l . No way was 
devised of keeping the state of the cone's surface the same a l l the 
time. I t was eventually decided that the results were not worthy of 
inclusion so none have been given. 
3*1.5 The anemometer 

Originally the anemometer was mounted oh the roof of the van. 
However, i n this position the plate recorded a current which had a 
rapidly varying component. This was clearly a displacement current 
due to the motion of tlie cups. V.'hen the anemometer was moved to a 
4 ft. stand away from the van the trouble disappeared, 

V/ithin the limits of i t s calibration (1 .4 10 ms"̂ ) the 
anemometer functioned without problems. Outside these limits the 
stand was once blown down! 

5.2 Recording Sites 
The c r i t e r i a for a recoi'ding site was that i t shoiild be f l a t 

with no trees, telegraph poles, etc. to distort the potential gradient 
and that the run of wind should be as far as possible undistuKbed. 
I t had also to be off the road,yet readily accessible. 

Such a site was found at Svinniside (Ordinance Survey reference 
U2136386), This site i s i n fact a Durham County Council road gravel 
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storage t i p . Although adjacent to the road i t was found that a 
separation of about twenty yards rendered effects of passing vehicles 
negligible. 

The Sunniside site was 3^0 m above mean sea level. Although 
higher sites could have been found by travelling further afield i t 
was decided that more comparable information could be gathered at a 
single station than at an assortmtot of different sites. 

The author realised that more measurements actually inside 
clouds may have been made i f more travelling had been done, but f e l t 
that constancy of site was more important i n a limited investigation. 

Sometimes i t was found to be useful to have measurements at 
the Observatory either before or after the Sunniside record to serve 
as a comparison. Measurements made at the Observatoiy must be treated 
with caution i f direct comparisons are to be made between sites. This 
i s because i t was not possible at the Observatory to take the van 
to a place of similar exposure to i t s position at Sunniside. 

• Two other sites, Hamilton Row (NZ177405) and Broomparic 
(HZ245418) were each used once to give low level comparisons with 
Sunniside readings. 

3,3 The Collection of Data 
The proposed system of automatic data collection (chapter 10) 

was 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 the outputs allowed each reading 
to be checked after i t s entry. 

Although this method was most laborious there was the compensa­
tion of immediate fault detection. This allowed a fault, such as 
water bridging the collector gap, to be rectified without any great 
loss i n recording time. 

The recording was normally continued u n t i l the precipitation 
ceased or u n t i l a steady state had been recorded for 30 min. In the 
l a t t e r case the van was moved to a different level and recording 
recommenced i n the hope of finding inforaation about the vertical 
electrical profile.. 

3»4 Collection of MeteorolOf;ical Information 
The tlniversity Observatory keeps records of the usual 

meteorological parameters. The values of any parameter needed was 
taken from the Observatory's records. 

The general weather sitiiation on a wider scale was found by 
ezamination of the Daily leather Report. 
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CHAPTEn 4 
.Besults 

4« 1 Cfbtaining Absolute Values from the Baw Data 

I t was intended that the University's E l l i o t 803 computer be 
used to perfoTO the calculations for the data analysis. I t was 
unnecessary to consult the calibration curves i n producing data tapes 
for the computer as the computer could also perform this task. 

The raw data consisted of meter readings for potential gradient 
and precipitation current ̂ d 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 foxmd by calculation of the count i n a |- minute 
interval by subtraction of successive readings then reference to the 
calibration curve. 

The calibration curves were f i t t e d to th i r d degree polynomials 
using a library program which i s described by POESyTHE (1957). (The 
abbreviated spelling 'program'' h^s become accepted with reference 
to computer? so i s adopted here). 

There i s l i t t l e to be gained by giving the f u l l programs used. 
Bach was written i n the Autocode language which i s too specialised 
to describe without lengthy explanations. The programs written by 
the author w i l l be described vrith reference to what they did rather 
than how t h ^ did i t , , . 

The raw data were punched onto paper tape by the secretarial 
staff of the computer unit, to whom the author i s indebted. Each 
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tape was headed by a number code defining the record number, the 
date, starting time and finicliing tine. Xihere blanks occurred in 
the record of any parameter a code qymbol was punched so that the 
computer would recognize the blank* 

The 'absolute values from raw data program* read i n the r^w 
data and produced, by evaluation of the appropriate polynomial, an 
output of the absolute values for each parameter. \?here the code 
symbols were encountered the7 Trere reproduced on the output tape. 
Thus the output tape was suitable for direct entry as a data tape 
for subsequent programs. To ell'-uhate the possibilily of confusion 
the number code was reproduced at the head of each output tape. 

At the end of each record a cu-naary of the data was produced 
giving the mean, standard deviation and number of observations of each 
parameter. Table 4.1 was conpilcd from these data sumaries but does 
not give a l l the inforaation contained on the summaries. 

4.2 Simulated Charts 
With the records having been taken by hand there was no chart 

available for visual inspection. Uhls was regarded as a drawback as 
inspection of charts can often give b i r t h to ideas for analysis which 
are not apparent from l i s t s of numbers. As the work involved i n 
plotting the results by hand would have been very tedious i t was 
decided to get the computer to perfona the task, ' 

The teleprinter used had a carriage width of 6$ characters so 
no great resolution was possible. However, as the chart was only 
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required for a visual aid, frora which no measurements were to be 
taken, a high degree of resolution was quite unnecessary. 

The program read i n tapes of absolute values. For each parameter 
the ratio of the value to the f u l l . scale deflection was calctdated. 
A number of spaces proportional to the ratio were punched on the out­
put tape before a character P, I or VJ to signify potential gradient, 
precipitation current or wind speed. Allowance was made for F and 
I being centre zero functions, /ifter each set of F, I and \7 a new 
li n e was output signifying 30 seconds of time. After every 20 sets 
. (10 minutes record) zero markers were printed on the chart £o aid 
examination. 

After the simulated charts had been printed out the l i k e symbols 
were joined with colotured ink lines so producing charts which served 
as valuable visual ̂ ids. 

4.5 Pair Sorting 
Before detailed analysis of correlation coefficients could begin 

i t was necessary to produce tapes with data i n the pairs required. 
The original absolute values tapos could not be used because of the 
interference of the t h i r d paraaeter, A separate program was, therefore, 
written to sort the data into the pairs required. 

The pair sorting program read the data i n sets and punched out 
on the output tapes the required pairs i f ccaaplete, (Often there 
were blanks so that only one half of the pair appeared on the absolute 
vailues tape). The computer punched two outputs one on each of i t s 
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output channels with the two sets of pairs required I , F and I , W. 
To test for the effect on the precipitation current of dis­

placement current i t was necessary to have pairs of ̂  and I . Since 
the time intervals ware constant a correlation test of F(t)-];'(t-30) = 
AF with I was.all that was necessary, 

A small modification of the program allowed i t to give an out­
put of pairs of AP and I , 

4-4 Correlation Coefficients 
The basis of the analyses perfomed was the correlation coefficient, 

A program to compute this coefficient was writtem. 

The program read i n the tapes of pairs and formed the sum and 
sura of squares of each parameter, together with the sum of tlie product 
of the pairs. TOien a l l the pairs had been read the f i n a l calcvilation 
was performed yielding the mean and standard deviations of each 
parameter together with tlie correlation coefficient. The mean and 
standard deviation were not necessarily the seaie as those produced 
i n the i n i t i a l data suiraaary because of the blanks having reduced the 
data which was formed into pairs. However, the difference was never 
appreciable. 

The results of the correlation coefficient computations are 

given i n table 

4*5 fie^ression Coefficients 
MOHGAI'I (1960) has described how the best straight line must be 



CORRELATION COEFFICIENTS 

Record Number F - I 4F - I I - W 

2,0 -0,087 -0.006 
2,1 0.359 0.355 -
3.0 0.157 0.929 • -
4.0 0.124 6.821 *• -
6.0 0.146 0.720** -0.099 
7,0 -0.054 r0.b39 -0.015 
7.1 -0.051 0.327 -
8.0 O.ISS -0.442 0.189 
9.0 -0.304 -0.179 0.115 
10.0 0*191 -0.177 0.117 
11;0 0.731 * -0.075 -0.465 
I3i0 0.138 0.607 -
13^1 0.671 -0.223 -
14,0 0.060 -0.063 -
15*0 - 0*163 0.323 -
16,0 0*395 0*760 • -
17i0 0*400 0.021 0.412 
18 ;0 -0*737 0.114 -0.200 
19iO 0.541 * 0.114 -0.121 
20iO -0.435 0.533 

• denotes coefficient significant at 95% level 
denotes ooefficient significant at 99.5% level 

Table 4.2 
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calculated from pairs of data (x,y) when both x and y are subject to 
error. The slope, c, of the line 

Lzl - c 4,1 
cr or ^ • 
y X. 

li e s between the slopes 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 vrtiich i s related to the relative errors 
i n X and y. Figure 5»3 i n the next chapter shows how sensitive the 
slope i s to the relative error of s and y. The figure shows the 
slope varying from that of the regression of y on x (when x i s free 
from error) to that of x on y (when y i s free from error). 

'̂̂  ^ X y ®V 
The relative error is taken as -f* / where e denotes the actual 

A ' °x °y 
error and cr the standard deviati(pn. Kow for precipitation current 
and potential graSient, since and 0*̂  vary considerably from record 
to record, the relative error ratio cannot be taken as a constant. The 
errors e^ and Oj, were tajcen as 0.25 x the range of the plate current 
amplifier and 2.75 v/m. These measurements both correspond to the 
minimum resolution of the output meters. The relative error i s thus 
D = 11 CTj/o-p. Using the method of LIOEGAIJ (I96O) the slope 0 was 
calculated. Table 4,3 shows the results of the calculations. The 
regression coefficients a and b of the equation 

I = a + bF 4.2 
are also shown i n table 4.3 having been calculated from a transfonna-
tion of equation 4.1 i n terias of F and I for x and y. 



Record No. k c 
I = 

a X 10^^ 

a > bF 

b X 10^^ 
Place Notes 

2.0 1.725 - 1.42 - ' - 0 
2.1 0*71 - 0.71 0.82 - 2,6 .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 S * 
6.0 0.988 - 0.99 0.95 6.06 0.085 S * 
7.0 2.93 - 1.66 - - - S 
7.1 0.956 - 0.96 - - - S 
8.0 1.275 - 1.22 1.21 9.2 0.140 S 
9.0 0.25 - 0.25 0.53 0.54 - 0.012 s 

10.0 0.534 - 0.53 0.67 - 1.35 0.032 s 
11.0 0.592 - 0.59 0.89 - 3.3 0.034 8 
13.0 4.77 - 1.79 2.46 - 40.6 1.060 B 
13.1 0,238 - 0.24 0.69 - 0.48 0.015 S 
14.0 0,732 - 0.73 - - 8 
15.0 1.00 - 1.00 - 1.00 4*54 . - 0.091 0 P 
16.0 1.84 - 1.46 1.33 - 2.0 0.222 0 P* 
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 - 1.39 - 1,26 12.3 - 0.187 H 

Symbols and abbreviations 
0 - Observatory S - Sunnlslde B - Broompark H - Hamilton Row 
p - precipitation current not conqiensated for field currents. 
* - significant correlation with displacement current. 

Table 4.3 
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Hg. 4>1 shows plotted a l l the regression lines of comparable 
records talcen at Sunrdside. The records which had a correlation 
coefficient at $5% between A? and I were not included as these were 
those with appreciable displacoaent currents. I t is quite clear that 
these lines do not conform closely to any one model regression line. 
This disturbing situation i s enlarged upon i n chapter five where the 
relation between precipitation current and f i e l d i s examined i n f u l l . 

The broken line i n f i g . 2u,1 i s the regression line computed from 
the centres of gravity of each record weighted according to the 
number of observations i n the record. Although not much Importance 
can be attached to a line representing such a widely scattered set 
of data i t i s encouraging that the line computed i s of the same form 
as the accepted line. The regression equation i s 

I = 1.76 X 10"^'' - 0.02fD5P X 10""''' Am**̂  

1^6 Effective Number of Observations 
I t is essential i n the use of standard elementary st a t i s t i c a l 

tests that the bbaervations be andepondent. Observations are said 
to be independent i f the selection of one observation from the popxila-
tion does not bias the chance, for or against, of selection of any 
other for inclusion i n the sample. In records of atmospheric 
phenomena a "memory" i s often observed. I f the time intervals between 
observations are less tiian this meaory then the observations cannbt 
be independent. In such a'situation the effective number of 



10 A.^ 

Hg. 4.1 Regression lines of craiparable records 
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independent, observations i s less than the actual number of non-
independent observations which would cause errors to be underestimated. 
Such under-estimation could voiy easily lead to erroneous conclusions 
concerning the significance of observed differences, 

A record can be said to have a memory i f there exists a s i g n i f i ­
cant autocorrelation coefficient (see section 5.2), The duration 
of the memory can be estimated uising the method of MB (I964) iriw 
defined £in autocorrelation length or interval, L, to be the interval 
of time within which there exists correlation between the monbers of 
a time series, I ^ i r s of values wliich are separated by an interval 
greater than L are clearly uncorrelated and therefore independent. 
Awe v/as able to show that L - r^(k) Sk over the central maximum of 
Hie correlogram of r(k) against k j r(k) i s the autocorrelation coef­
f i c i e n t of the time series f ( t ) with f(t4k). The integral must be 
found numerically, 

A much simpler method (COLLHJ, GROCr: and HIGAZI 1966) i s to take 
the correlation interval to be that lag which f i r s t gives a value 
of r(k) which i s not significantly different from zero at the 955J 
level of significance. Although this method has l i t t l e theoretical 
j u s t i f i c a t i o n i t has been found to give good agreement with Awe's L. 

Once the autocorrelation interval i s known the effective number 
of observations can be calculated by dividing the actual number of 
observations 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, i n conditions of steady r a i n f a l l i s between 
4 and 24 minutes, the actual distribution i s shown i n f i g , 4,2, Now 
clearly the best estimate of L i s the shortest; since i t i s only 
during rapidly varying conditions that the true, memory w i l l manifest 
i t s e l f without being exaggerated by the existence of steady conditions. 

The value for L of 5 minutes Ms been adopted in this investiga­
tion on the basis of Collin's results. A l l the significance testa 
have been aonduoted on the basis of the effective number of observa­
tions being one tenth of the actual raimber. 
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Fig, 4.2 Distribution of correlation intervals 
during contilmous r ^ i n ; froa CjDLtlW 
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CHAPTER 5 

Relation between Precipitation Cmrent Density and Potential 
G-r^cIia^t 

5.1 IntroduQtion 
The most obvious relation f o r the early workers i n precipita­

tion e l e c t r i c i t y to look for was one betwerai their prijnary paraaeters, 
precipitation current density and potential gradient. H,STER and 
GEim (1888) and BatDOHP (1910) found the current density to be 
directly proportional to jsinus the potential gradient, f i g . 5*1. 
The term 'inverse relatirai" has 1>een accepted for this relation. 
( I t should be noted, as is pointed out by CHALMSBS (1965), that this 
i s not a good description. An inverse relation would normally be 
interpreted as meaning that a parameter is directly proportional to 
the reciprocal of another. This i s , however, a case where accepted 
usage outweighs precision of teroinolo^O • SIMPSON (1909) obtained 
results which showed during rain an excess of negative potential 
gradient coupled with positive precipitation charge. 

Since these early reports a very large number of workers hav-f 
found evidence of the inverse relation. SCRASE (1938) measuring 
the charge per unit volume of rain found the inverse relation to 
be operative over long periods of continuous recording. NOTO (1939) 

recorded opposite signs for precipitation charge and potential 
gradient i n 85^ of his 622 recording intervals. CHALMEHS and LITTLE 
(1940) found positive rain currents and negative potential gradients 



i i g * 5»1 5Ehe inverse relation. 
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during a long period of continuoxiB rain. 
The single drop observations of HUTCHINSON and CHALMERS (1951) 

confina the existence of the inverse relation. So also do the 
observations of BANSEJI and Lau (1952) made with their ingenious 
drop catching and recording system* MASONO, ORIKASA and CKABE 
(1957) observed the relation for individual snowflakes as well as 
raindrops. 

Mountain top measurements of KUET2WER (1950) on the Zugspitze, 
BEyNOLDS (1954) i n New Mexico and BEITER (I965) i n the Alps a l l 

showed the inverse relation to exist for solid and liq u i d precipita­
tion. 

When the electrical conditions are steady the inverse relation 
i s veiy strong as has been found by SIMPSON (1949), SIVARAMAKRISHNAN 
(1957) and MUSAY and CMIM^ (I960). 

On the other hand, SCMSB (1938), i n the same Investigation, 
as quoted above, noted that there i s nc evidence for the inverse 
relation i n stom^y conditions. This i s confirmed by the single drop 
measurements of GUNK and DSra? (1953). Eeiter, i n the Alpine woric 
quoted, found not an inverse, but a direct relation between the 
precipitation from veiy l i g h t showers and potential gradient. He 
also found a similar relation f o r vexy l i g h t precipitation from 
alto stratus cloud. Ramsay and Chalmers point out that the inverse 
relation i s much more predominant i n winter than i n summer. 

Scrase in h i s 1938 paper interprets the inverse relation by 
Supposing that there i s some process which gives a charge, usually 
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positive, to the rain, 'ihe opposite charge remains i n the cloud, 
or a i r below, and produces a potential gradient at the ground with 
sign opposite to that of the min. 

The inverse relation descilbed i s not an exact functional 
relation but a s t a t i s t i c a l relation found to occur i n most ocnditions. 
However, an effect has been found to occur i n changing conditions 
which results i n an exact relation. This effect observed by 
SEdPSON (1949), known as the tairror image effect, is said to occur 
when the records of current and potential gradient with tine appear 
to be mirror images i n the tine axis of each other. The observa­
tions of the mirror image efTect by SIVAEAIIAKEISINAN (1957) led him 
to tlie same conclusions as Simpson had reached, namely that since 
the potential gradient and current change sign simultaneously, then 
the charge separation must take place close to the ground. 

However, the obseivations of I5AMSAY and CHALKEBS (I96O), 
showed that there could be auite considerable time lags i n an 
otheiTTise normal mirror image effect. Such a lag i n phase of current 
behind potential gradient, observed by OGAM (I96O), to be some­
times as much as 8 minutes, suggests that the charge separation i s 
not always close to the ground. 

Oif/OLABI and CHALHEaS (1965) calculated the cross correlation 
coefficients between precipitation current and potential gradient 
records taken i n mainly niabo stratus rain. Their correlation 
diagrams, shown i n OWOLABI (1965), showed that in general the 
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maximum cross correlation coefficient, I ^ ^ , occurred for some non­
zero lag, k, of precipitation current behind potential gradient. 

The reason for there being a lag (or lead) between precipita­
tion current and potential gradient has been discussed by CHiJII^i; 
(1965") for different conditiona of developing or moving cloud 
systems i n the presence or absence of point discharge currents. 
Chalmers points out that the period of lag i s not only dependent 
upon the electrical state of the cloud, but euLso upon other para­
meters. The height of the cloud together with the raindrop size 
Controls the time of f a l l of the rain. This time along with the 
Wind shear influences the lag. 

The fact -tiiat the inverse relation i s so well documented and 
readily explained leads one to wonder why i t i s quite often not 
observed even i n non-stoniQr conditions. RAMSAlf (196O), EETTEfi 
(1965) and the cuirent work have a l l found instances where the 
relation i s not i n evidence. 

Since the inverse relation i s observed as a statis t i c a l relation 
i t i s desirable to conduct the enquiry from a statis t i c a l view-point. 

5.2 Statistical Tenninology 
I t is not the purpose of this section to give a brief 

s t a t i s t i c a l text book. I t i s , however, necessary to c l a r i f y the 
meaning of s t a t i s t i c a l tenas used and to set out a consistent scheme 
of notation. The scheme of notation adopted i s chosen for i t s 
relevance to this Thesis and TCLII not always coincide with accepted 
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s t a t i s t i c a l practice. This ic unavoidable as current practice does 
not give an all-embracin£; scheae and so leads to ambiguities i n 
notation. 

The correlation coefficient, is used to give a stanflardisod 
measure of the extent of tlic ai,:^ociation between two paraneters, 
say X and y. I f n pairs of datii are collected of the forca (x^,y^) 
then-̂  the correlation coefUcicnt^ i s defined as 

This expression can also be tvritton as 
coy;u?ianco (:°:,y) 

1^variance (x) variance ( y ) ] ^ 
\vhen a parameter, x ( t ) , varies with time there i s said to be 

a time series. With a tirae series there i s always some persistence. 
I f the persistence is of less duration than the interval between 
observations i t i s of no consequence. However, i f this i s not the 
case then the observation taken at the ( i + 1)*^ instant of tine 
w i l l b© affected by that taken at the i instant. There is thus 
a dependence of each observation upon the previous. The persistence 
can be measured by the autocorrelation coefficient which i s defined 
as 

/»̂  = r ( x ( t ) , x(t-k)) 
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Now the auto correlation cocfficifflat/^j^ w i l l depend upon the 
value of the leg, k, which i s taken. The extent of persistence w i l l 
be indicated by the behaviour of with k. For high persistence-
^ w i l l be larger for a particular value of k than i t would be for 
low persistence. 

I t i s of interest to coni,ider a particular non-osoillatoiy 
type of variation. I f the f i r s t auto correlation coefficient isy^^ 
then the observations w i l l be of the fona 

^ i . 1 = / l ̂ i ̂  ^ i 1 

i*e, each observation is composed of a part of the last observation, 
depending upon the persistence, and a random component e. I t can 
also be written that 

^ i + 2 = >̂ 1 ^ i ̂  1 * ^ i + 2 

Combining 

^ i + 2 ' ' i '^n " i + i • ̂  + 2 

Now the last two terms, being random, are independent of x^ so 
they w i l l sum to z ero over the whole series. Hence second auto 

2 
correlation coefficient between x. and x. « i s /O , I t ean 
similarly be shown that 

k 
- A 

A correlogram shows the valuation of with k and clearly in 
this case w i l l be a decaying power series on either side of the 
maximum at k = 0 where cleaxl^-yo^ = r ( x ( t ) , x ( t ) ) = 1. i l g , 5.2 
shows two a r t i f i c i a l l y generated time series with the same random 



Ilg« 5.2 Time seaies wit*i long an4 short memories VTith t h e i r 
oorrelograms 
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components having h i ^ . A, and low, B, persistences together with 
their theoretical correlograas. 

The idea of auto correlation between a series and i t s e l f can 
be extended to yield the cross correlation coefficient between two 
series. The cross correlation coefficient for a lag of k between 
the series x(,i5) and y(^") is defined as 

\ = r ( x ( t ) , y(t-k)) 

Note that the instantaneous cross correlation coefficient = r ( x ( t ) , 

y ( t ) ) = A cross correlogram of vs k would show a maximum 

association at some, i n general non-aero, value of k f a l l i n g off 

on either side. 

I f the time series x( t ) and y ( t ) have periodicity then the 

correlograms for auto- and cixjss-correlation w i l l also exhibit 

periodicity. 
I t is useful at this stage to introduce a well known stat i s t i c a l 

relation between the correlation coefficient and slope of the 
linear regression equation for a set of pairs of observations of 
the fora (x^, y^). 

By the well known method of least squares the coefficients of 

the linear regression equation 

y^ = a + b x^ 

are given by _ 

and a = y - b X 



Wow the correlation coefficient of x and y i s given by 

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

t v^u- J / (T^ . . . (5) 

HonoQ the behaviour of the slope of the linear regression lino can 
be exaained by considering^ tlio behaviour of the correlation coefficient. 
I t is convenient to do this ac the l a t t e r does not depend upon 
the units of x or y, being a diciensionless quantity. 

I t is clear from the v;orI: Cited above, particvdarly Or:olabi*s, 
that the effect of a lag between Current and potential gradient w i l l 
be to reduce the value of tlie corrolat.\on coefficient, (\ > ^ ) 
and so the slope of the regression line. 

Of the i n f i n i t e number of cross correlation coefficients only 
the maximum i s unaffected by the non-electrical factors vAiich 
determine k. I t would, therefore, seen that the most fundamentcl 
coefficient to consider \7ould be 'D^. 

Now previous workers have a l l used the coefficient li^ ~ f» 

either actually or implicitly. i n general a l l the results 
w i l l have been taken under different lags, comparison of one 
regression equation with another cannot be as valid as i t would 
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appear unless the lag i s loiovin. 
I t i s important to find out by how much R̂  and differ. I t 

is only possible to analyse theoretically very simple cases, "jTiat 

follows i s an analysis of an idealised situation. 

5.3 Analysis of a 3pecialC9.se 

RAMSAY (1960) observed periods of almost sinusoidal variations 

of current and potential gradient. The analysis w i l l be made of 

the case where the potential gradient and current vaiy sinusoidally 

with the current lagging by a pliase angle ̂  , I t should be noted 

that this i s not an attempt to build a physical model. I t i s an 

attempt to make a mathematical model of the idealisation of experi­

mental results. 

The potential gradient, P, seen by a ground observer i s supposed 

to vazy with time as F(9) = P f sin Where f i s the amplitude 

of the potential gradient excursion fro^ the mean f, and 9 i s ihe 

time dependent phase angle of the oscillation. The precipitation 

current density, j(©) i s supposed to be functionally related to 

F(9 - ^ ) i,e, lagging i n phase behind F(9) by ̂ , 

i.e. j(©) = c(P(0 -<^) -c') 

where o and o* are constants, (c w i l l be negative for the inverse 

relation). Substituting for ?(® ) 

j(9) = o (P .f.' f sin (9 - ^ ) - c') (4) 

j(e) = j + c f sin (9.-^) 
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I t should be noted tlaat the ccse \inder consideration is a 
form of the mirror image effect aince the values of the pr,raj3etorc 
cro changing with time. 

Kow tiie relation i s not as precise as has been taken but 
Cfvii 

j(.©) andT(9 - ^ ) are ascocistod tdth ycorrelation coeiTicient i;,. 
I'ou using the notation of section 5 

/ ' = r ( j ( 6 ) , 1^(9)). gov (,1(9), F(&)) 
0̂ 3̂? 

ciid 
cov (0(9), F(9)) = /(.1(^H)(^(^)-^) ^ 

r2r 
(j(&)-3)(E'(^)-S') ̂  =/ cf sin (6 - ^ ) f sin © d© ijitegrating 

over one cycle, 
•27r 

r sin (9 ̂ (f>) sin 9 d© 
Jo 

= cf^ I oos^ I sin"© d© - sinfJ sin © cos 9 d© . 

= Cf^ TT cos <̂  . 
/5 cf^rrcos ̂  

s° , = /d© 
Kow the serial correlatioii Coefficient, Ej^, for maximum associition, 
t±dch can be called S^j, is ̂ .Iven by 

^4= r ( j ( 9 ^(P), I W ) 
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On substitution of 
j(9 ^^) = J ..- cf sin [(9^^) 
and F(9) = -; f sin 9 

the numerator becomes for integration over one cycle 
2rr 

j (cf sin 9)(f oin ©) a9 

= cf^ •/ sin^9 d9 = cf^tr 
Jo 

So = cos ^ 

5.4 Discussion 
Morgan (I96O) has shown liow the coefficients of a regression 

equation csn be calculated when both the variables are aibject to 
error. His demonstration shows that i f the ratio of the relative 

errors of x and y>^y/I? = D i s less than unity the slope of the 
lin e obtained w i l l be less than that when D = 1, Also i f D i s 
greater than unity the slope is greater than the D - 1 case, l l g . 
5.3 from Morgans paper shows this variation i n slope. 

Now the effect of Morgan's ideas can be examined. The slope 
of the true regression l i n e , as can be seen i n f i g . 5.3, aust always 
be greater ( i n 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 refoinulated as 

X 
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0 
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j • • • 
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' 5^3 tanos of best f i t for cT© 0.5 from 
• \ . - -MOEfiAH (1960) ' . 
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and the conclusions of the previous section lose no generality for 
the change, (Clearly the actual value of the slope is changed by 
Morgan's considerations but the correlation coefficients w i l l s t i l l 
bear the same relation to each other). 

Now from this result some tent^ative conclusions can be made 
to assess the importance of the ideas given above, using the results • 
of workers viho report lags i n the mirror image effect. 

RAMSAY (1960) reports the lags of about a quarter of a period 
during approximately sinusoidal variations. This, of course, gives 
a value of V2 for ^ which gives zero for the correlation coefficient 
even i f the association i s perfect. So i t can be seen that from 
(3) the estimate of regression coefficient b w i l l yield zero. 

OGAWA (1960) found phase lags to occur i n the mirror image 
effect on 23 occasions out of 129; of the rest 60 were classified 
as indistinct and 46 as having zero lag. Although not specifically 
stated, i t appears that the indistinct classification refers to 
those cases with a lag of less tlian 1 min. The average duration 
of a sign, that i s to say, a half period, Ogawa found to be 17 mins. 
for the cases where there was a definite lag. The lags observed 
were from 1 to 8 min. giving f values of V l 7 to ̂ /17. Such 
values of <l> would cause and R̂  to d i f f e r by a factor of from 
0,98 to 0.087. Taking the 60 indistinct cases as being of lag ̂  
min, the factor becomes 0.99 which is not serious. 

Now i f the author i s correct i n assuming the coefficient of 
greatest importance to be that associated with maximum association. 
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the consequences of lags are occasionally serious. I t has been 
shown that on occasions for Ramsay's and Ogawa's results that the 
regression slope for the instantaneous | « * t > H ^ reduces to almost 
aero because of the lag. I t vfould seem then that there i s a way 
of explaining why the inverse relation i s not always i n evidence. 
As soon as there i s a lag which i s of the order of a quarter period 
of the variation the instantaneous pairing ( j ( 9 ) , i?(9)) w i l l not 
show any association," For even greater lags the association 
( j ( 9 ) , F(9)) would be of the opposite sense to the inverse relation. 

A l l the work which has discussed the reasons for there being 
any lag has attributed i t to time of f & l l of precipitation combined 
with the delaying effect of wind shear. I t is clear that i n pre­
cipitation from high clouds the possibility of lag w i l l be greater. 
This w i l l naturally account for the observations that the inverse 
•relation i s less prominent i n summer. Also the observation by 
EEITER (1965) of a direct relation with precipitation from alto 
stratus could be easily accounted for by a lag of half a period, 

5.5 Physical Conditions for the fiodels Validity 
Unfortunately there i s insufficient data at hand for a more 

quantitative look at the problem of the non-appearance of the 

inverse relation. 
I t would be useful exercise to point out what woiold be necessaiy 

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

erected. 
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I t would clearly f i r s t be necessary to j u s t i f y equation (4) 
which was: = c(P(9-(^) - c ' ) . 

The precipitation charge is assumed to be separated at one specific 
level, say by melting. The precipitation current at the charging 
level i s assumed to depend upon the potential gradient at that 
level. I f no further charge separation takes place the current vdll 
not vaiy with height so that the current can be expressed as 

= A(P'(9 - B) 
where P* i s the potential gradient which prevailed i n the cloud 
when the charge separation responsible for j took place, A and B 
are constants associated with the charging process. I t is now 
assumed that T" i n the cloud i s linearly related to F at the groiond. 
(They w i l l certainly not be the same because of the space charge 
on the precipitation). So by adjustment of the constants A and 
B to f a c i l i t a t e this change equation .4 is obtained, 

5,6 Farther Discussion 
Now i n general the variation i n the cloud would not give rise 

to a sinusoidal pattern. However, i t wovild always, i n principle 
at least, be possible to perfoim the analysis on a series of 
sinusoidal Fourier components. 

The above account im p l i c i t l y assumes that the rain a l l f a l l s 
at the same velocity. In practice, there i s a spread i n the spectrum 
of raindrop sizes. Fig. %,k shows two such spectra plotted firom 
BEST'S (1950) relation 
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G = 1 - esp (- V oLv^ f 
ffhere & is the fraction of l i q u i d ^ t e r composed of diameter drops 
of less than X mm f a l l i n g at a rate of p ma hr~^, CL , and 
n are constants the average values of which were experimentally 
determined. Such a spread of size lead^^ directly to a spread of 
terminal velocities. 

To attempt an anaj^ysis of a model which i s close to the 
physical situation involves the immense complication of a multiple 
summation over a drop size spectrum, which varies with r a i n f a l l 
rate, and a set of Fourier components. 

The author would not suggest that this be done having himself 
been baulked by the complejd.ty of the problem. A constructive 
suggestion the author would make is that the cross-correlation 
analysis be attempted to find the lag for ma:dLmum association. Such 
i s desirable as i t w i l l only be possible to determine the lag by 
visual inspection of records when the mirror image is very pronounced. 

Once this maximum coefficient of association i s known the 
physically more meaningful regression lines can be derived/ with 
confidence that a freak lag w i l l 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, i t is possible to consider the effects of lag 
for such a situation without such complications. 

Suppose that both records are randomly varying time series 
which are correlated at a lag k with a cross correlation coefficient 
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of I ^ . 
Now for lags, i , greater and less than k, fi^ w i l l f a l l o f f 

with ( i - k / . A cross correlation diagram, l i k e Owolabi's, can be 
drawn. The sharpness of the peak of the diagram w i l l depend upon 
the auto correlation of the two series. I f the series have a long 
"meraozy" (COLLIN, G-ROOM and HIGASI, (1966)) then the cross-correla­
tion coefficient diagram w i l l have a broad maximum. Thus i f the 
lag i s of the same order as the memory the jjistantaneous comparison 
w i i i yield a strong association. Yihile i f the memoiy i s short 
compared with the lag the instantaneous comparison w i l l be between 
two ftncorrelated series so the association ?rLll be weak. 
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CH/iPTER 6 
Flirther Discussion 

6,1 'Lissa.̂ Qus Plots* 
I f the mirror image effect is not obviously appai^t i n a 

record the duration of a lag or lead cannot be estimated by inspection. 
I f also the data are insufficient for reliable a«*o correlation 
analysis then some other , way of establishing the existance of a lag 
or lead must be found. 

In consideration of the effect of lag or lead i n his records 
RAMSAY (1960) noted i f consecutive points on the scatter diagrams 
of I and F were joined a kind of Lissajous figure was formed. Eamsay 
obtained ellipses with both olockv?ise 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 i s here taken as being the"negative 
peak). Pig. 6.1 shows three ideal cases of ( i ) there being a lead 
of F's maxima before that of I ; ( i i ) there being no lag or lead 
between the maxima and ( i i i ) there being a leig of P behind I . In the 
absence of a well defined constant lag the Lissajous plot w i l l not 
show a regular geometrical shape. Hov/ever, i f there is a definite, 
although not necessarily constant, lag or lead the plot w i l l have a 
tendency to either clockwise or anticlockwise rotation. 

Lissajous plots for records 3.0 and 4.0 are shown i n f i g . 6.2. 

Both records clearly show a clockwise rotation. However, the examples 
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were chosen for their c l a r i t y ; i n most plots there was no obvious 
trend towards clockwise or anticloclcwise rotation. I t was thoxight 
to be desirable to produce some quantitative measure of the rotation^ 
preferably one to which a test of significance could be applied. 

I f the line joining consecutive pairs of points was considered 
as a vector then the to t a l moment about the centre of gravity of 
the scatter diagram would give a measure of the rotation. However, 
the centre of gravity i s the mean over the whole distribution, so 
would not be stationary as the record progressedj i t s position would 
change as each new point was entered. This d i f f i c u l t y could only 
be overcome i f the moments were taken about a moving centre of 
gravity. Such a precedure would lead to computational d i f f i c u l t i e s 
so i t was not attempted. 

The procedure adopted was very much simplified. Sach three 
consecutive points were c e n t r e d as defining a change of direction 
i n either a clockwise or anticlockv/ise sense. The case of a l l three 
points being on one straight line was considered neutral, as was the 
t r i v i a l case where two successive points had the same position. The 
ratio of the number of cloclcwise turns to the total number of non-
neutral t;ims gave a measure of the extent of the clockwise rotation 
i n the record. A value less than 0.5 clearly indicated an an t i ­
clockwise rotation. 

This measure of retation i s not a l l that might be desired as 
i t i n no way takes into account the. extent of the turns. However, 
i f was f e l t that i n 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 w i l l be shown later. 

A qualitative discussion of sinusoidal variation is sufficient 
to show that the turning ratio gives a measure of the lag or lead. 
I f there is no lag or lead then the Lissajous plot w i l l be of the 
form of case ( i i ) i n f i g . 6,1, Whether a turn i s clockwise or 
anticlockwise i s determined by chance alone. I f there i s a slight 
lead i n F before I the plot takes the fom of narrow clockwise ellipse 
as i n case ( i ) of f i g . 6,1. In this case each turn w i l l be clockrdse 
unless the random component causes reversal. However, over the 
record the random effects w i l l be uniform so a ratio greater than 
0,5 i s obtained. Now i f the lead of F becomes greater the ellipse 
becomes less narrow and so the tuins become even more pronounced 
in a clockwise sense. I t is thus less l i k e l y that the random 
components w i l l be able to reverse the turn. Hence the value of the 
ratio w i l l be greater. I t i s thus apparent that the greater the 
lead then the greater w i l l be the ratio. 

In this sinusoidal case the greatest ratio w i l l occur v/hen the 
lead i s n/2* For greater leads the ellipse narrows from the circular 
case at 7r/2 allowing the random effects to increase proportionately. 
D i f f i c u l t y is encountered vdth any analysis when the lead or lag 
i s greater than 7r/2 for the situation becomes ambiguous. Outside 
the theoretical periodic cases the problem of ambiguily seldom arises. 
I t must be noted that i f and when i t does arise there i s no direct 

way of resolution. 
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In f i g . 6.3 the procedure for determining the directions of 
the turns i s given. The three consecutive points are (x^,y.j), 
(xg^yj), (x^jy^)* In essence the process i s to transform the axes 
so that the origin becomes (Xgjyg) and the point (x.^,y^) lies on 
the negative x-axis of the now axes XY. Now i f p i s above the new 
X-axis (positive) an anticlocknise turn has been made in going from 
i^J^>y^)^ i^2*^Z^ *° i^>y^)' P i s below the new X-axis (negative) 
a clockv/ise turn has been made. 

A program was written to calculate the value of p and to count 
the number of times i t was <0, >0 and =0, Precautions had to be 
b u i l t into the program to allow for the t r i v i a l neutral points. For 
each record the number of neutral, n^j, clockwise, n^, and anticlock­
wise, n^, turns was calculated together with the ratio n^n^+n^. 

The significance test was devised frem calculating the 
probability of getting the particular ratio obtained or a more clock­
wise one, on the basis of chance alone. This i s done very simply as 
the distribution of the number of clockwise and anticlockwise turns 
ia Binomial, I f chance alone operates the prebabilities of getting 
either clockwise or anticlock\'dse turns are equal. I f the neutral 
turns are excluded then 

p(C) = p(A) = 0,5. 

Thus the probability of getting n^ clockwise turns out of H = n̂ -tĴ g. 
non-neutral turns is given by 
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Fig. 6,3 Deterndnation of turning ratio 
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So that the probability of getting at least n clockwise out of K 
c 

non-neutral turns i s Z Co s ) " N ! 

This l a t t e r expression was computed and is shovm together with 
results of the ratio program i n table 6.1, A ratio i s here said to 
be significantly clockwise at a particular level i f the probability 
of obtaining that ratio, or a liigher one, by chance where both 
directions are equally probable i s less than the chosen level, ii 
ratio i s said to significantly anticlooknise, similarly, i f (l-P) 
i s less than the chosen level. 

The ratios for records 4̂ 0 and 6,0 are i n fact significantly 
clockwise at 0;055d, The probabilities are given as 0.000 because 
the fourth figure has been •rounded* off. 

Comparison with table 4̂ 2 sliows that of the six records with 
significantly clockwise ratios at some level four have significant 
correlation coefficients of AP \yith I , Suppose the potential gradient, 
P, varies sinusoidally as 

P = P sin cot o 
then the displacement current i s pi-oportional to 

d? •rr = tijP^ cos (ot. dt 0 

Thus the displacement current lags behind the potential gradient by 
7r/2 and so a Lissajous plot of P and I where I has a large displace­
ment current component w i l l be clockwise. 



Lissajous Earning Itotios 

Record Wo. \ \ 

n 
c 

^ t i o n^^n. 
0 A 

P 

2,0 11 10 12 0,455 0.738 

2,1 13 37 27 0,578 0.130 

3.0 6 10 2 0,833 0.019 ^ 

h^O 12 94 37 0,718 0.000 *® 

6,0 21 112 27 , 0,806 ^ 0.000^ 

7.0 80 37 35 0,514 0,453 

7.1 0 1 0.000 
• 
1 

8,0 16 45 46 • 0.495 0,583 

9.0 65 23 34 . 0.404 0,944 0 
10,0 38 15 10 • 0.600 0,212 

11.0 30 14 8 0,636 0,143 

13.0 4 2 1 0,667 • 

1 
13.1 8 6 4 0,600 0.377 • 

12t«0 • 10 18 8 0.692 0,03s ^ 

15.0 •" '21 6 1 • . 0.857 0.062 * 

16.0 10 22 12 0.647 0,061 * 

17.0 33 3 8 .0,273 0,967 00 1 
18.0 7 1 3 0.250 

19.0 . 48 22 15 0.595 0,162 

20,0 •18 . 2 2 0.500 ? 

Significantly clockwiso ratio at ^y^ 
« t • « " 10^ 

00 • . anticlockwise " . " 5/2 
0 • . t • " 10^ 

^ P < 0,005 
' insufficient 

observations for 
meaningful test 

Table 6.1 



77. 

Of course the converse i s not true as is shown by record 14 
where the correlation coefficient between AF and I is vi r t u a l l y 
zero (-O.O6). Even after rejecting those records where the displace­
ment current is evident there are s t i l l records having rotations 
which.must be otherwise explained. Physically the rotations signify 
a lag or lead between the current and potential gradient records. 

.CHALMERS (I965) has explained qualitatively that one would 
expect i n the absence of point discharge a lead of potential gradient 
when an unchariing cloud system i s approaching an observer. VJhile 
there would be a lag i n the potential gradient record i f a stationary 
cloud system were developing. Bius an approaching system would be 
clockwise while a developing system would be anticlockwise, 

•with only one recording station i t is d i f f i c u l t to decide vrfiich 
process is. predominant a i both v ; i l l usually exist side by side. 
However i t is obvious that a fast moving cloud w i l l have a larger 
•approaching component* than w i l l a slow moving cloud. As a veiy 
inugh indication of the cloud speed the reciprocal of the isobar 
separation on the Daily Weather Report maps was taken. 

The values of ratio against the cloud speed for the significant 
ratios are plotted i n f i g . 6.4, Although veiy l i t t l e importance can 
be attached to a graph containing only four points 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. I t thus seems that both the cases 
postulated by CHALIffiRS ( I 9 6 5 ) have been operative. The developing 



10 r 

8 

/2oJbCo 

! ^ • 

'iv-.-

Plg,\^6,4 - Tuj?ning ratio against c i ^ ^ 



70. 

situation being evident at low cloud speeds and the approaching 
situation evident at high cloud speeds. I t must be emphasised that 
these conclusions are drawn on very scanty evidence. 

6.2 Measurements at different levels 
On four occasions records were taken at Sunniside immediately 

before or after a record was taken at a lower level. This was done 
i n an attmpt to fi n d information about the vortical profile of I 
and P, The pairs of records 2.0 and 2.1, 13.0 and 13.1, 14.0 and 15.0, 

19*0 and 20.0 show that the time separation between the levels 
varied from 16 to 33 minutes. 

Examination of tables 4.1, 4.2 and 4*3 shows that there was 
i n general a difference i n the relation between I and P as well as 
i n the actual values of I and P. However, there was no consistent 
pattern to the changes. 

I t would seem that the assumption of the quasi-steady state was 
not always justifiable. There was no way of t e l l i n g whether or not 
there had been a change i n conditions with the horizontal displace­
ment and/or the interval of time between observations. In view of 
this uncertainty eujy explanation of the changes with level would 
be quite meaningless. 

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

the i n a b i l i t y of a single station to resolve spatial and temporal 
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effects. I f the work could be extended to having more than one 
simultaneously recording station maz^ tmceiiainties would be 
eliminated, A synoptic network would be ideal but t h i s would at 
present be beyond the scope of, a t least, a Iftiiversity department. 

A minimum s u f f i c i e n t requirement would be a stationary 

observation point and a mobile van, as used by the author, which could 

take i t s position a t a point along the wind direction drawn through 

the f i x e d station. Such a p a i r of stations would be able to 

establish the r e l a t i v e imporfeMice of the development and motion of 

a cloud system* I t would be of imense value to measure the v e r t i c a l 

wind p r o f i l e during each record taken by the pair. Such a measure­

ment would remove large errors vhen analysis involving the cloud 

speed i s attempted. 

I f recoMs taken by the p a i r of stations were s u f f i c i e n t l y long 

cross correlation analysis as used by OWOLABI and CHALMERS (1965) 

would prove a powerful t o o l i n analysis. For t h i s to be used to i t s 

f u l l p o t e ntial an automatic recording system, perhaps l i k e that 

described i n chapter 10, would be almost indespensible. 

I f a r e a l i s t i c investigation of the v e r t i c a l p r o f i l e s i n 

nimbo stratus conditions i s to be made the author feels that i t 

would be necessary to have several stations, l i k e REITKR (1965), 

d i s t r i b u t e d with small horiaontal separation and large v e r t i c a l 

separations. I t would thus be possible to taice simultaneous 

observations at d i f f e r e n t levels. There are so many charging influences 

i n t h i s type of weather that a single station could only hope to eet 
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representative readings over a fetr, perhaps many, years of continuous 
racordlBg, To solve the v e r t i c a l p r o f i l e problem, which t h i s 
investigation has f a i l e d to do, one of the above two approaches 
would be necessaiy. 

I f similar apparatus were to be used i t would be desirable 

to develop a less c r i t i c a l method of displacement current compensa­

tio n * I t would also be desirable to render the collector surface 

more natural by covering with gracs f o r example. This would avoid 

fitfiy unnatviral splashing effects. Such were not noticed but may 

nevertheless have been present. 
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Space Charge Measurements 

7.1 IntroductiQn 

I t was f e l t that measurements of space charge density i n 

disturbed weather may have isade a useful contribution to the under­

standing of the results of the main investigation. I t was thought 
o 

that the most suitable method woidLd be that of f i l t r a t i o n . OE/iENSKY 

(1923) was the f i r s t to use a f i l t r a t i o n method of measuring space 

charge. The co l l e c t i o n efficiency of his steel wool f i l t e r may well 

have been i n s u f f i c i e n t to trap a large proportion of small ions, 

VONNBJUT and MOORE (1958) have discussed the problem of coll e c t i o n 

efficiency which they f i n d increases as the f i b r e diameter of the 

f i l t e r mediii** decr^ises. 

MOORE, VCmEGUT and MALLi'sHAK (I961) have used with success a 

f i l t e r of a glass asbestos medium (the Cambridge I l l t e r Corporation's 

"Absolute F i l t e r " ) . BENT (19^^) conducted tests on the small ion 

c o l l e c t i o n efficiency of t h i s f i l t e r , whose fibres are of diameter 

about 0,5 micron, compared with 50-100 micron diameter fibres 

comprising steel wool. Bent found that less than 0.2/i of small ions 

avoided capture i n t h i s f i l t e r . 

I t was feared by BENT (private communication) that i f the 

f i l t e r material became saturated w i t h water i t may suffer permanent 

damage. Such saturation i s -very l i k e l y to occur i f a collector i s 

operated i n wet weather as was ^visaged by the author. I t was. 
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tlierefore, decided to construct a space charge f i l t e r without 

employing the ejqpensive f i l t e r packets used by VONKMJUT and MOOHE 

(1958) and BENT (1964). Dr. C.B. Iloore was kind enough to give the 

jJurbam group a large quantity of the glass asbestos f i l t e r paper of 

the type used i n the comercially nanufactured f i l t e r packets, A 

co l l e c t o r was designed wliich used a small piece of this f i l t e r 

pper. The f i l t e r holder ms arranged to be readily removable so that 

the f i l t e r paper could be replaced when damaged, 

7.2 Tiae bad weather space charge collector 

Hgure 7.1 shows a diagram of the space charge collector. 

The diagram shows the c o l l e c t o r dismantled f o r replacement of the 

f i l t e r paper. The f i l t e r paper i s held between two gauzes f o r 

mechanical support, shown by broken lines. The f i l t e r holder i s 

screwed i n t o the cartridge by screw threads CC, The cartridge i s 

held to the insulated inner case by threads BB*. The exhaust cone 

i s joined to the body of the collector by threads AA', A f i l t e r paper 

can be replaced quite easily i n f i v e minutes. 

The f i l t r a t i o n properties r/ere tested following the procedure 

of BMT (1964). The apparatus shown schematically i n f i g . 7.2 was 

set up i n a sealed room. The out put of the conductivity chamber 

was recorded with and without the f i l t e r holder's presence i n the 

space charge collector. The AC voltage supply to the fan was 

adjusted so that the f&n drew a i r a t the same rate i n both cases. 

The flow was monitored with a standard gas meter. 
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A tracing of the record obtained i s shown i n f i g . 7.3. The 
shading i n the lower portion vhovt when the polonium small-ion 
generator was on. The record siioTTs that i n the presence of the f i l t e r , 
no change i n the recorded conductivity can be detected. The smallest 
detectable change above the noise level would liave been about-1 riv. 
Now i n the absence of the f i l t e r the VEE registered 500 nv so that 
the f i l t r a t i o n can be seen to Iiavo removed a l l but less than 1 part 
i n 500 of the small ions. Thus the f i l t r a t i o n i s better than 99.3;J 
f o r ions contributing to the conductivity of the a i r . Tliis figure 
shows that the bad weather collector was as good i n i t s f i l t r a t i o n 
properties as was Bent's collector. 

There was one serious drawback to the collector constructed. 

The area of the f i l t e r was very much less than that of the Cambridge 

f i l t e r . There was a considerable pressure drop across the f i l t e r 

wlxich necessitated using a powerful extractor fan, V?hilst t h i s 

was no probleni i n the laborator^f tests, d i f f i c u l t y was found i n 

obtaining a s u f f i c i e n t l y powerful fan to run o f f the van's l i m i t e d 

power supplies. This problen was not solved i n the t i n e a l l o t t e d to 

the project, so the bad weather collector was not operationally used. 

I t has, however, been used i n a laboratory investigation by Mr. L.N. 

Rogers who found i t to function s a t i s f a c t o r i l y ; 

I t has been mentioned e a r l i e r that Mr. Ogden was conducting a 

f i n e weather space charge investigation using the van. Although the 

aim of wet weather measurements could not be realised some measure-

meaits over melting snow surfticoc v;ere attempted i n collaboration with 

Mr. Ogden. 



7»3 The Ogden space charge collector 

This collector was biiilt with minor modifications on the 

BSNT (1964) pattern using a Cambridge f i l t e r . As w i l l , no doubt, 

be f u l l y described i n Kr. Ogden's Thesis, an adequate flow could 

be achieved with the CambridgG f i l t e r . 

7.4 Space charges over meltinf; snow 

Observations of e l e c t r i c a l effects associated with blowing 

snow made by SHiPSON (1919) i n the Antartic formed the basis of a 

theory of thunderstorm charge separation, SIMPSON and SCR/VSE (1957). 

The space charge d i s t r i b u t i o n i n the lower 3 m of the atmosphere 

was inferre d from potential measurements by MAGONO and SAKURAI (1963), 

They found negative space charge upto the f i r s t metre and poative 

thereafter. 

Direct measurements of space charge a t two fixed levels by 

BiOT and HUTCHINSON (I965) showed that i n certain conditions over 

melting snow the space charge was negative at 1 metre vriiile positive 

at 2 m. These conditions were foxmd to persist i n conditions of 

strong mixing. Their explanation was that there was a separation 

of charge at the surface l i b e r a t i n g negative charge to the a i r . 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 v/ind 

was blowing. I t was thought by Bent and Hutchinson that the process 

o f charge -separation involved may have been the same as that 

dcscilbed by DING-ER and CDKN (1946), Bent and Hutchinson found that 



no such charge separation occurred when the wind speed v » 8 considerably 

less than 10 m 

I t was proposed w i t h the mobile apparatus to t r y and v e r i t y 

the observations of Bent and llutciainson. The plan was to measure 

v e r t i c a l space charge p r o f i l e s over snow surfaces at sites above and 

below the 0°C isotherm. 

• To measure the p r o f i l e s the space charge collector was pivoted 

at i t s centre of gravity and on i n l e t pipe f i t t e d so that the height 

of the intake could be varied from 0 to 2 m i n as many steps as 

desired. 

I t was f e l t that a. p r o f i l e of closely spaced v e r t i c a l soundings 

may have been able to detect the effect i n conditions where the two 

f i x e d l e v e l measurements lackod svifficient s e n s i t i v i t y . 

7.5 Results and comments 

Several p r o f i l e s were neasurod i n the winter 1965-66 but the 

results were not foxuid to be reproducible. The lack of success was 

a t t r i b u t e d to the f&ot tho-t the i n l e t pipe was made of rubber. The 

rubber was thought to have Iiad s t a t i c charges on i t s walls. The 

f i e l d set up by these charges would a t t r a c t small ions of the opposite 

sign to the walls. As there v/ould have been s t a t i c charges of both 

signs on the walls, i t seems that the rubber tube would act as an 

e f f i c i e n t , a l t h o u ^ undesirable, small ion trap. I t has been noted, 

unfortxinately too l a t e , that t h i s effect was found by NQLAH and KHJKY 

(1953) f o r condensation nuclei. . 
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The rubber i n l e t was replaced by cardboard but a satisfactory 
method of f i x i n g the tube was not found. 

Sie eventual solution of mis i n g and lowering the whole space 

charge co l l e c t o r was decided upon* There have been no suitable 

conditions f o r the experiment since the l a s t solution was implemented. 

I t i s hoped that Mr. Ogden w i l l be able to get some satisfactory 

results i n the Mnter of 196^-67. 
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CHAPTEii 8 

Charge Separation a t Power Lines j n Fog 

8.1 Introduction 

Observations at Kew ObGOi>vatory from 1953-1938 (B.N.R.) 

sliowed long periods of negative potential gradient i n the absence 

of p r e c i p i t a t i o n . CHALMa^ and L l i l l E (1947) found i n Durham 

negative conduction currents and potential gradients when the two 

nearest meteorological reporting stations reported mist. Also they 

noted that there were no such reports on the occasions when they 

observed normal positive values. Tlieir conclusion that the negative 

potential gradient vra.s associated with the mist was supported by 

the observations of CHALML'fS and HUTCHINSON (1949). - The l a t t e r 

workers noted negative potenti;il gradients i n the presence of 

"high hanging fog". 

Such observations suggest a process of charge separation wiiich 

i s not connected w i t h precipitation. I b i s hypothesis was v e r i f i e d 

by CHALMERS (1952) using a portable f i e l d measuring device, m 

conditions of mist or fog, Chalmers made jourtieys to the east of 

Durham making regular measurements of f i e l d . The source of the charge 

separation was found to be high tension e l e c t r i c i t y lines where 

negative space charge i s liberated at the rate of some microamperes 

per pylon. This of course assumes the l i b e r a t i o n to be at the pylons, 

from whence comes the maximum liiasing noise i n mist or fog. 

MBHLEISEN (1953) has detected t h i s effect at distances of up 

to 7 km down wind of a power l i n e . EfilT and HUTCHINSON (19^5) 
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detected an excess of negative apace charge at Durham Observatory 
when the nearest mist was upwind on the coast at a distance of 14 km. 

To investigate t h i s phenomenon further i t i s f i r s t necessary 

to establish the v a l i d i t y of the assumption that the charge separation 

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

lines. 

8.2 Relevant apparatus 

The effect can be exanined by observing the potential gradient 

due to the liberB.ted space char;̂ ;e. I f the wind direction i s toaown 

the source of the charge separation can be easily pinpointed. The 

van i s eminently suitable f o r aich an investigation as i t i s movable 

cnCi. i s f i t t e d already w i t h a f i e l d m i l l . 

I t was found, as i t was, by CHALMERS (1952), that no useful 

readings could be taken with i n about 30 metres of the pylons, as 

the 50 c/s signal was picked up and amplified. No 50 c/s discrLTiina-

t i o n had been b u i l t i n t o the f i i e l d m i l l amplifier, nor was i t thought 

to be worthwhile f o r t h i s minor investigation. A l l observaticais were 

made at a distance of 40 ra from the power l i n e . 

A simple wind vane was constructed and was observed vi s u a l l y 

to get the wind direction. 

8.3 Results 

The experiments were conducted i n a f i e l d at Whitwell near 

Durham by kind permission of the f^naer. The s i t e was chosen because 



i t had a power l i n e crossing from roughly North to South and a pylon 

i n such a position that i t was ap;)r*oachable from both East and 

^.est, f i g , 8,1. 

Runs round the path iSCh were made with continuous nonitoriiit; 

of potential gradient and wind direction. The r e s u l t s , which t.ore 

quite reproducible, were talien on mornings when there was ndst or 

fog i n l a t e October 1965, 

A t y p i c a l morning's (I!/.IO.C5) r e s u l t s are shown i n f i g . 0.2, 

I n a l l cases the wind speed v/ac very low ( l e s s than 1 m s"*'), Tliu 

wind direction fluctuated considerably but was i n general perpendicular 

to the power l i n e . 

I t can be seen quite c l e a r l y i n the downwind runs that the 

maximum depression of potential gradient occurs when the wind blows 

from the pylons to the f i e l d m i l l . 

8.4 Discussion 

The experiment showed quite conclusively that the charge 

separation does, i n fact , take place at the pylons to a greater 

extent than i t does along the l i n e s . 

A much more elaborate experiment would be required to detect 

i f any separation takes place between the pylon^Js. I t would be 

necessary to make observations simultaneously at several points up 

and down wind of the l i n e before one covild be sure that the depres-

ision observed was not due to that a t the pylon. Also the oimult iiieous 

observations would eliminate errpro due to changes of potential 
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gradient v?ith time. 

The cause of the charge reparation i s l i k e l y to be due to 

insulation breakdoim. This results i n currents flowing across the 

surface of the insulators producinr ionization i n the a i r nearby. 

.;ow since the potential of tlio l i n e alternates the attraction and 

repulsion of each sign of ion \ 7 i l l also alternate. Hie negative 

p a r t i c l e s produced by io n i s a t i o i i vd.ll be electrons, although these 

V7ill soon become attached to neutral molecules to form ions of 

molecular size. However, i n tho tLtie before attachment, the electrons 

have vastly greater mobility t i m i the molecular sized iona. 

Thus, i n the negative phase of the altemating voltage, electrons 

w i l l be repelled from the l i n o . IJOW the distance they w i l l reach 

w i l l depend upon how long the electron remains free. When attachment 

takes place the ve l o c i t y w i l l be greatly reduced due to the r e l a t i v e l y 

low n o b i l i t y of the larger ion. 

3*5 Quantitative diaoussiou 

Vihether or not negative space charge can be liberated by 

t h i s process depends upon hoy? f a r the electrons travel before i i i e i r 

capture. I f t h i s distance i s gi-eater than that which a smaU. ion 

v d l l t r a v e l i n h a l f a cycle the negative small ions fonned by 

electron capture w i l l not be drarai r i g h t back to the l i n e i n the 

subsequent positive h a l f cycle, so v f i l l contribute to the atmospheric 

space charge. 
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The c r i t i c a l distance, d, T/ixLch a small ion can travel i n a 
h a l f cycle i s given by 

d -̂ J | t l ^ dt 

integrating over half a cycle, uxiere | i i s the small ion mobilily 

and ? the maximum local potential gradient. To a f i r s t approximation 

can be taken as the quotient of the l i n e voltage, V, and the 

length of the insulator, 1. xlie expression f o r d i s then 

sin lOOjrt V 
d • - ° 

(a sir 

100n-l 

Substituting f o r 
[L = 1.5 X 10"^ m.s'''A.ni"'' 

V = 132kV o 
and 1 = 1.25 o 

2 X 1.5 :c 10"^ X 132 x 10^ „ . 
^ = 1 0 a r x i.25 = 0.1 m . 

HUHLEISEN (I961) c i t i n g LHIi'^H) (1913) has stated/in moist a i r 

the l i f e t i m e of free electrons i s increased from the usual 10 sec 

to about 10 sec. Now those electrons which are produced at the 

instant of the peak voltage w i l l t ravel the greatest distance. At 
P/ -1/ 132 X 1o5 the peak voltage the r a t i o /p i n V.m /mm,Hg i s ̂  '̂ ^ '̂ = 12|0. 

The experimental data of NIEL£EII and BRADBUIff (1937) show that the 

electron d r i f t v e locity i s 12(. x 10^ m. s"^ i n a i r f o r such ^/p. So 
-5 

i n t h e i r l i f e t i m e of 10 sec these electrons w i l l t r a v e l 0.14 m, 

v/hich i s greater than the c r i t i c a l distance of 0.1 m. 



NOTE 

Assumljag a constant electron mobility an estimate of the proportion 

of escaping electrons can be derived. 

e rs 2 j t f t » lOOn t 

• « lOOjt T 
y 

A i l electrons liberated before T w i l l escape. 

At T vre have 

V . + /* jxV^slne d8 ^ /'nV^slne dfi 
^ v i * lOOit d H) lOOit d 

So ' fi^T si n * - / |i s i n edfl 0 
_ 100 n 

Thus \i T sin* - u ( l - cos* ) ss 0 
® lOOn 

-1 - I * -Now electron mobility ~ 10 ; fx, anall Ion mobility := 1.5 x 10 

T, electron l i f e t i m e ~ 10 hence u « 5 x 10 ' 
lOOn 

6 -7 So we have lO" s ln8 - 5.IO"' ( l - cos*) =: 0 

i.e. 2 sine - 1 + cos* = 0 

Solution of which gives cose s= 1 or -0 .6 

e =s 0 or 127° 
\ 

Thus f r a c t i o n of liberated electrons escaping i n each cycle i s 

127/560 = 55.3^ « h 



AlectronG v / i l l escape at voltages below the pealc as long as 

the d r i f t v e locity i s s u f f i c i e n t f o r electrons to exceed the c r i t i c a l 

distance i n t h e i r l i f e t i m e . iliC c r i t i c a l d r i f t velocity i s 

cl u a r l y ^ l O " ^ = 10^ m s'^ Tlie data of Neilsen and Bradbuiy shovi-

that t h i s i s equivalent to a c r i t i c a l ?/p of 90 V.ra"Vnm.Hg. Tliis 

value i s achieved i n the present circumstances by a l i n e voltage of 

85.5 kV. 

I t i s a t r i v i a l matter to show that the alternating l i n e 

voltage i s more negative than 05.5 kV f o r V 5 . 6 of a cycle. Thus 

i t can be seen that 27.8̂ :̂  of electrons produced by ionisation t r a v e l 

f u r t h e r than the c r i t i c a l distance and so contribute to the 

atmospheric space charge on capture and formation of SH»11 ions. 

Now clear l y the actual estimate of 27 .8^ i s not highly accurate 

depending as i t does upon a f i r s t order approximation. However, 

i t does serve to show that the aochanian suggested i s adequate f o r 

explanation of the phenomena. Hie precise proportion of escaping 

electrons depends upon the l o c a l maximum f i e l d . The proportion i s 

not quite independent of the actual l i n e voltage because the electron 

n o b i l i t y i s not quite independent of F/p. 

8.6 The next steps 

A remaining question of interest would be to examine the 

ion spectra with distance from tiie pylons. This would presumably 

change as the email ions i n i t i a l l y produced become attached to 

larger neutral particles forniiag large ions. I t surely must have 
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been the large ions which woie obaorved, at considerable distances 
from pylons by and HUTCHIMSCl̂ T (I965) and IIUHLEISEN (1953). 

I n the hope of deteiaining ion spectra a Gerdien tube was 

i n s t a l l e d i n the van (see Chapter 9 ) . However, the Gerdien could 

only be run on the VEE which ms, at that time, i n use f o r the •?.ain 

investigation. I n f a c t , there were no suitable fog occasions during 

the few weeks that the Gerdion was in s t a l l e d . 

I n collaboration w i t h Mr. T.L, Ogden, a method of measuring 

the large and small ion contributions of the t o t a l space charge was 

• evolved, A one inch diameter tube, about 1 foot i n length, was 

mounted i n f r o n t of Mr. Ogden'3 space charge collector (see Chapter W:). 

A p o t e n t i a l o f 240 v o l t s was applied to an electrode coaxial with 

the tube. This system serves to remove a l l the small ions. Their 

mobility i s such that, w i t h the flow rate employed, they would a l l 

migrate to the walls or electrode before they could have reached 

the end of the tube. 

Thus the space charge collector w i l l only receive large ions. 

I f readings are taken with and rdthout the potential applied to the 

central electrode, the contribution of l a i ^ e and anall ions to the 

t o t a l space charge can be deduced. At the time of w r i t i n g , no 

observations have been made i n fog with t h i s apparatus but i t i s 

hoped that Mr. Ogden w i l l be able to complete the work. 
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dl'C'^'AM 9 

The Measurement of Atmospheric Sonduotivity i n Disturbed 

Conditions 

9.1 The Gerdjen apparatus 

Conductivity has been measured at Durham by Dr. K.A. Higazi 

(HIGAZI and CHALMERS I966) . One of the chambers he used was 

borrowed f o r the few conduc:<;ivity measurements made i n t h i s 

investigation. 

The chamber was made following the design developed by 

GEHDIM (1905). The chamber, vHaose important dimensions are shown 

i n f i g , 9 .1 , consists of a c y l i n d r i c a l conductor containing a 

coaxial rod conductor. The inner electrode i s highly insulated 

from the outer cylinder with F.T.P.E. insulation. The two electrodes 

were made of brass cleaned f i n a l l y i n chromic acid, to render the 

surfaces clean and similar to obviate contact potentials which could 

have a great influence on the results. (An error of 1 part i n 6 

would not be an outrageous estimate of the e f f e c t ) . 

T?hen a potential difference i s applied between the conductors, 

a current composed of small ion carriers flows along the potential 

gradient. The ionic current of appropriate sign a r r i v i n g a t the 

central electrode i s amplified and measured with a vibrating reed 

electrometer. I f the whole arrangment i s not shielded then move­

ments of charged bodies e.g. the observer, w i l l cause a displacement 

cun*ent to flow through the V. R.E. As t h i s would clearly give 
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spurious readings the whole Gordiea system i s mounted inside an 
earthed aluminium box. The r l r i n the tube i s continuously replaced 
by a suction fan to avoid reducing the conductivity of the a i r by 
removing the charge carriers. Cv/AlHI (1914) has shown that t h i s rcite 
of* flow need not be constant ovor the cross section of the tube. 
I n view of t h i s , no complex f l u i d dynamics need be considered. 

I n Higazi *s work a vacuuii cleaner fan was used. In the van 

there was i n s u f f i c i e n t i ^ C . jjovror to drive the f&n so the AC motor 

was replaced by a 12v DC motor, as used i n automobile heater fanci. 

This arrangement of the DC motor, coupled with the vacuum cleaner 

fan blades, was capable of drawing 2 l i t r e s of a i r per second through 

the Gerdien tube. 

'lo make co n d u c t i v i l ^ measureafints from the Land Rover the 

Gerdien tube was placed on tlie f l o o r of the van and a 0.5m cardboard 

.tube was used as an i n l e t pipe. Cardboard i s a good material to 

use f o r t h i s kind of task an i t i s a bad enough conductor not to 

d i s t o r t the potential gradient; whilst i t i s not a good enou°:h insula­

t o r to hold a i ^ residual charge, vhlch would equally d i s t o r t the 

p o t e n t i a l gradient round the tube. Y.hen the apparatus was used during 

p r e c i p i t a t i o n the cardboard tube never got wet enough to siil'fer danage. 

The spare tube kept at hand as a replacement was not called upon. 

The f i n i t e length of the apparatus, together with the chosen 

rate o f a i r flow and potential difference, impose a lower l i m i t 

upon the mobility of ions '•Rhich can always contiribute to the ionic 

current. CHALHSSS (1957) (§70') has shown that the time t taken f o r 
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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 i s 

- • 2 coV 

where a and b are the outer and inner r a d i i respectively of the-

Gerdien tube and. I n represents natural legarithms to the base of e. 

Equating t h i s time to that taken f o r a i r flowing at velocity 

U to pass through a tube of length L w i l l y i e l d the miniffium value of 

mo b i l i t y o) which w i l l always be captured. I f the apparatus i s to-

measure conductivity and not j u s t count ions t h i s minimuin value f o r 

mobility f o r certain capture should be greater than the t y p i c a l veQ-ue 

f o r Small ions which L contribute to the ionic current namely 

1.5 X 10"^ (MKS). Por a i r flowing a t a rate R the velocilry w i l l be 

U = iV'i?r(a^ - b^) giving: 
(aW) -InC V b ) R ^ R ln(^/b) 
2 V 7r(a^-b^) L ~ 2rr Y I 

l i m i t i n g mobility a) = — ^ 2 2 

In the above calculation the potential difference has been taken 

as 6v. This value was chosen as i t i s well on the ohmic part of the 

current-voltage characteristic of the Gerdien tube. An experimental 

current-voltage characteristics i s shown i n f i g , 9.2. The figure 

c l e a r l y shows the t r a n s i t i o n from an ohmic regime through an ion 

col l e c t i o n regime to saturation when a l l the ions available are 

cariying current to the central-electrode. 
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There are a few pr a c t i c a l -;oints to be discussed with respect 
to t h i s Gerdien apparatus. 

Piezoelectricity w i l l always rear i t s head when currents of 

10"^'' amperes are being measured. The piezoelectric currents set 

up i n the cable from the heu,d un i t to the. Gerdien tube due to 

vi b r a t i o n can be immense compared vdth the signal currents. They 

are, however, easily removed by the eraployraent of coaxial cables 

with s o l i d outer conductors. 

I n exact meaaurements of conductivity at a par t i c u l a r l e v e l 

i t i s necessary to apply a potential to a conducting ring on the 

end of the oaraboard tube a i r intake. This potential i s equal to 

that of the surroundings and serves t o eliminate d i s t o r t i o n of 

the potential gradient (HIGA2I 1965). However i n t h i s investigation 

where the tube protrudes from the Land Hover - a conducting box -

such a correction Would be irrelevant compared with the d i s t o r t i o n 

of the potential gradient due to the Land Rover i t s e l f . 

The high humidity conditions of precipitation could also be 

a cause of trouble. The P.T.P.Ii;. insulators are run without heaters 
' • • 12 i n the Gerdien tubes, they may have f a i l e d with respect to the 10 

ohm input re s i s t o r employed. Because of t h i s r i s k the chamber was 

operated i n a room at a temperature of 21°C and 100^ r e l a t i v e humidity. 

These conditions were maintained by b o i l i n g a k e t t l e f o r ̂ ne hour 

and there was no indication v^atsoever of an insulation f a i l u r e . 

There would, i n the conditions of fog and precipitation 

proposed f o r investigation, be a large number of water-borne charges. 
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These can be considered as lar-e or super-large ions depending upon 

t h e i r droplet size. They w i l l clearly have veiy small mobility so 

w i l l not contribute to the conduction current i n the Gerdien tube. 

However, the central electx'ode v d l l catch some large ions by impaction. 

The contribution of t h i s source of current to the central electrode 

w i l l depend upon the out of balance large ion d i s t r i b u t i o n . The 

current due to t h i s source can be deterained by running the Gerdien 

tube without any potential difference (the small ions can be f i l t e r e d 

out e l e c t r o s t a t i c a l l y ) and the impaction current measured. I t was 

found experimentally that the contribution of impaction oxarrent ms 

measwable but small. 

9.2 Results i n snow 

The only results o f interest taken with the Gerdien chamber 

were obtained on 26,11.65 i n conditions of steady continuous snowfall. 

Readings of positive and negative conductivity together w i t h 

p o t e n t i a l gradient were taken at Sunniside and tlie Observatory. As 

only one chamber was i n s t a l l e d i n the van the positive and negative 

conductivities had to be recorded consecutively. The potential 

gradient was observed a l l the tin e . The readings at Sunniside and 

the Observatoiy were separated i n time by 25 minutes and i n distance 

by 13 km. 

The results obtained are given i n the order that they were 

taken, being exhibited i n table 9.1. The subscripts 1 and 2 refer 

to the low l e v e l and high l e v e l results respectively. 



Parameter IMits Value iTotes 

At Sunniside 

Kegative conductivity, / \ i iO'''\hm"''m"'' 0.216 Mean over 15 min. 

Positive conductivity, A i > -̂14 ^ -1 -1 10 . . ohm m 0.515 llean over 15 min. 

Potential, gradient, * 500 Ilean over 30 min. 

A i r temperature, Tg - 2 
• 

At Observatory • 

• 

Posi.tive Conductivity^ A | 10"'''̂ohm"''m"'' 1.38 Hean 'over 5 niin. 
Negative Conductivity, \, 10 ̂ ôhm ̂m~̂  2.30 Llean over 5 min. 
Potential Gradient, •Vm-'' - 100 Mean over 10 min. 
A i r temperature, T̂  °C + 1 

Precipitation Rate, R rja of equivalent 2.5 Hean .over two hours 
water, hr"' of f a i r l y constant 

• 
snovifall. 

Heists of recording stations above sea l e v e l : 

Sunnisido 30O m 

Observatory 100 m 

TablG 9.1 
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Throughout the experiment the snow f e l l at an apparently 

constant rate at both sites. This subjective observation was 

supported by scrutiny of the observatoiy's preci p i t a t i o n record which 

shows a li n e a r r i s e i n pr e c i p i t a t i o n amount over a period of two 

hours ^ i c h includes the experiment. 

At the upper l e v e l , the snow was observed to be d i y with a 

flake diameter of <«bout 5mm. At the lower l e v e l the snow was wet 

with larger flakes of about 1.5-2 c:n diameter. 

The t o t a l ionic current density, j , a l e v e l i s given by: 

Applying t h i s equation to the results gives ionic current dwisitiea 

a t the two levels o f 

j^ = - 3.68 X 10"''2 A.m"2 

and = + 3.65 x lO"^^ A,m'̂ . 

9.5 Diaoussjon 

I f i t i s assvnned that a quasi-steady state prevails, i t i s 

possible to deduce a value f o r the current generator producing the 

change of ionic current with height. I n a quasi-steady state the 

figures represent a current generator equivalent to 7.33 pioo Coulombs 
2 

per second over a i m colujan between the levels, Th&t i s an 

average charge separation rate of 3.66 x 10 C m ̂ s \ 

The only l i k e l y source of charge separation woxild seem to have 

been the p a r t i a l melting which occurred. I f the v e r t i c a l temperature 

gradient was uniform between the levels, then the charge separation 

rate i n the melting region would have been 1,1 x l O '^Cm^s . 
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This compares with the figure of 1.6 x 10"^^ C m~̂ s''̂  f o r a thunder-

stom. 

Now the value of these results cannot be rated as very higli 

i n view of the manner by which they were obtained. There are 

alter n a t i v e explanations of the results which do not involve the 

assumption of a steady state. For example, the results could r e f l e c t 

a change with time of the situation which took place while the 

van was being taken from Sunniside to the Observatory. Or, there 

may have been a spa t i a l change i n conditions, so that the i m p l i c i t 

assumption that the measurements taken r e f l e c t the true v e r t i c a l 

p r o f i l e was false. 

Criticisms such as the above could be s a t i s f i e d by having a 

wide network of stations. These y/ould be able to resolve spatial 

and temporal changes and allow a v e r t i c a l p r o f i l e to be confidently 

b u i l t . 

I t would be of great in t e r e s t to measure simultaneously the 

ionic and pr e c i p i t a t i o n ctirrents i n , below and above the melting 

region. Such measurements would t i e i n nicely with the work being 

done on the melting of individual snow flakes i n Japan by KIKUCHI 

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

perhaps establish quite d e f i n i t e l y the widely held b e l i e f that the 

melting process plays a predominant part i n precipitation e l e c t r i c i t y . 

Unfortunately, time and weather did not allow r e p e t i t i o n of 

t h i s experiment, before the VEE was restored to the pr e c i p i t a t i o n 

current apparatus of the main investigation. 
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CimHSR 10 

Appendix .' The Automatic Recording of Data 

10,1 Introduction 

E a r l i e r i n t h i s Thesis, especially chapter 2, references 

have been made to a proposed automatic recording system. Although 

no system was ever operationally used the author spent a good deal 

of time i n designing and developing a prototype system. For complete­

ness t h i s appendix gives a b r i e f description of the system, Tlie 

reader w i l l not be troubled by the electronic details. Only a 

description of the logic i s given i n terms of 'black box" elements, 

. The requirements of an automatic recording system were taken 

as being as follows. I t must be possible to record several inputs 

on a single t r a c k j each input being sampled i n turn. The sampling 

cycle may be weig-ited so as to give more frequent readings of the 

more important paremeters. I t must be possible to allow the jystem 

to run f o r considerable recording periods without attention* The 

accuracy of the recorded parameters must not be l i m i t e d by the quality 

of the recording system; that i s the parameter must be able to be 

recorded as accurately by the system as i t coxild have been without. 

I t shoiild be possible to get the data eventually onto a punched paper 

tape suitable f o r entry as a data tape in t o a computer. 

Clearly, i t would not be feasible t o cany a paper tape punch 

\ 
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i n the van because of the power and space l i m i t a t i o n s . Thus the 

system invisaged was of two stages: a recording onto magnetic tape 

and a subsequent play-back onto punched paper tape. 

10.2 Recording 

Each input i n the foria of a DC voltage l e v e l i s selected i n 

turn and converted i n t o a pulse cliain whose frequency i s proportional 

to the voltage l e v e l . The voltage to frequency converter used i s 

that described by DE'SA and UGLTd^W (1962). Saoh pulse chain i s 

admitted f o r a f i x e d time i n t e r v a l , so that the number of pulses 

recorded i s fundamental, thus allowing the subsequent output to 

be independent of the tape speed. To synchronise l a t e r playback 

and counting each recorded ' b i t ' of data i s preceded by a single 

t r i g g e r pulse. Two b i t s of recorded data would appear on the tape 

as shown i n trace H of f i g . 10.1. 

The c i r c u i t r y necessary to achieve the above i s indicated i n 

the block diagram f i g . 10,2. i s a free running multivibrator 

which controls the speed of operation of the system. The period 

of t h i s element, 500 ms, i s shown on the diagram, as are periods 

of a l l the elements. Trace A i n f i g . 10.1 shows the wave form 

emitted by FR1. The positive spikes, trace B, produced by the 

d i f f e r e n t i a t i n g element i n i t i a t e three actions by triggering three 

one shot multivibrators, 0S1, 0G2 and OS3. The output of 0S3 supplies 

the t r i g g e r pulse to the tape. 0S2 causes a delay while 0S1 provides 
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a pulse which, after amplification, causes the input selector to 
choose the next input. 

The input selector consists of a rotary relay described i n 
connection with the r a i n f a l l recorder i n section 2.3. 

At the end of the delay duo to 0S2, trace D, the spike pro­
duced by differentiation, trace L*, triggers OS4. OS4 gives a ;pulse, 
title e P, which is fed into tiie i\in) gate for a fixed period. V/hen, 
and only when, the pulse fron CSV and pulses of the pulse chain 
froa the voltage to frequency converter (V to f ) are present do 
pulses pass out of the AND gate into OS5. 0S5 i s present to produce 
a pulse of the same standard sise as those produced by 0S3. 

The trigger pulse froia 0S3 and the signal pulses from 0S5 are 
a l l fed into the OR element. Tliis element gives out a pulse when 
either input i s supplied. Thus, the output of the OR elemoit, which 
is put onto the raagnetic tape, ic as shown in trace H, 

A prototype of this design was bu3.lt and operated successfully 
for long periods with up to tvrelve voltage inputs. Without modifica­
tion 48 inputs could be applied, each would be sampled once per cycle 
of 24 seconds. In practice, i t i s more l i k e l y that only a few inputs 
v/ould be present vdth a more rapid r e p i t i t i o n rate. 

10.5 Playback 
The response of a normal tape I'ecording head to a 'square' 

pulse i s i n effect to atteapt a Courier analysis of the pulse. 
However, as there i s an upper lixrit to the frequency which can be 
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recorded, the analysis i s not coii-plete. The result is that the 
recorded pialse is not clearly defined on playback. I t is thus 
necessary to employ a pulse shaper before attempting to decode the 
recording. 

Ihe playback procedure i s r^iuply to note the trigger pulse and 
count a l l the pulses between one trigger pulse and the next. Tha 

block diagram f i g . 10.3 shows tiiG elements by which this i s done. 
Standard sized pulses iToii the pulse shaper are applied to 

Gates 1 and 2. I t is arraiijjed ii>at the f i r s t pulse to appear on 
a tape is a trigger pulse, rioncc the trigger pulse w i l l be accented 
by Gate 1 ?/hich i s nomally open and rejected by Gate 2 which i s 
noiTnally closed. 

Having passed through Ge,te 1 the trigger pulse enters the one 
shot multivibiator 0S6. The output , of 0S6 i s a pulse of WO ma. 

Note that 400 ms from a trigger pulse is a period which includes a l l 
the signal pulses and ends before the next trigger pulse. IHie trace 
I i n f i g . 10.1 shows the output of ^S6, The output i s used to reverse 
the state of gates 1 and 2. Thus for 4OO ms following a trigger 
pulse gate 1 i s closed wfciile gate 2 i s open. Now the signal pulses 
which follow the trigger pulse w i l l a l l pass through gate 2 into 
the coxmter. 

The coxonter would be some such arrangement as used by BENT 
and COLLIN (19^6) which w i l l produce a punched paper tape output 
of a count by decatron tubes. 
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The prototype of tlie playuaci: system was not completed by the 
author. I t is hoped that a recording ̂ stera may be b u i l t by a 
future research student, periiaps on lines similar to those l a i d 
down here. Perhaps another approach would be to adopt lines sirnilar 
to those used i n radiosonde equipnent. 
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NOTE 

There are two errors on pages 90/91« Iheir effect is not 
c r i t i c a l but the follovinG modifications are necessary. 

For electrons liberated at the negative peak voltage their 
distance of travel w i l l be ccraposed of two parts that \ihile free 

and that .-while a small ion. Since the free l i f e is small the 
distance travelled as a small negative ion w i l l be that travelled 
in ̂  of a cycle i.e. ^ 2 . Eke condition for escape has to be 
modified. Escape is achieved i f the electron •while free, can travel 

d/ 
a distance greater than ' 2. 

The value 132 kV taken for the peak voltage is in fact the 
r*m. s. voltage so a correction must be made here also. Every\diere 
132 kV appears the value should be I52/2 EV. 

( i ) The value of d should read 0.l4 m instead of 0.1 m. 
( i i ) At the peak vol'Lage P/p = 126 V.Ta'^/xm. Hg l40. 
( i i l > Bius the d r i f t velocity is I6 x 10^ m s"""-
(i v ) So Uie electrons travel O.16 m in their lifetime. 

Now as ^ 2 ~ 0.07 the condition that the electrons travel ftfem 
than ^ 2 is easily satisfied. 

Similar modifications render the proportion 27.8,0 an underestimate. 


