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PREFACE 

The work described here was c a r r i e d out as a j o i n t 

research p r o j e c t 'by I.A. Raisbeck and the author. As a 

r e s u l t much of the work was shared by them although Raisheck 

was responsible f o r the design and c o n s t r u c t i o n of the 

agrimeter, r a t e of r a i n f a l l recorder and recording system. 

The author's main c o n t r i b u t i o n s were the construction of f i e l d 

m i l l s and the development of the sign d i s c r i m i n a t i o n system. 

He also c a r r i e d out the s t a t i s t i c a l analysis of the records. 

The r a t i o n a l i s e d M.K.S. system of \ i n i t s has been used 
f o r a l l formulae except those derived experimentally where 
more p r a c t i c a l u n i t s of charge and current ( /y * C and y y<A) 
have been employed. 



ABSTHACT 

Previous workers have found evidence of negative space 
charge i n continuous r a i n and tha t the p r e c i p i t a t i o n 
c u r r e n t g r e a t e r at a height of 30 m than at ground l e v e l . 

An i n v e s t i g a t i o n i n t o these e f f e c t s was c a r r i e d out "by 
making measurements of the p r e c i p i t a t i o n current and p o t e n t i a l 
g r a d i e n t a t the top of a mast and simultaneously at grotmd 
l e v e l . Unfortunately the i n v e s t i g a t i o n was hrought t o 
a premature end and the p o t e n t i a l gradient measurements 
were rendered ambiguous through d i f f i c u l t i e s encouhtered 
when c a l i h r a t i n g the instrument t o he on the mast. I t was 
po s s i h l e however t o detect the presence of some space 
charge. The current at the top of the mast was found t o 
he several times greater than t h a t at the ground and t h e i r 
v a r i a t i o n s d i d not correspond e x a c t l y , suggesting that some 
charging process was operating i n the lower 30 m of the 
atmosphere. 
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Chapter I INTRODUCTION 
I n t e r e s t was f i r s t aroused i n p r e c i p i t a t i o n e l e c t r i c i t y 

hy i t s p o s s i h l e importance i n "bringing down negative charge 
t o maintain the charge on the earth's surface which i s being 
n e u t r a l i s e d hy the charge "brought down hy the f a i r weather 
conduction c u r r e n t . I t i s also generally accepted t h a t the 
o r i g i n of the charge i s c l o s e l y r e l a t e d t o the charge separation 
processes occuring i n clouds so t h a t information gained 
about the charge c a r r i e d by the r a i n would help t o throw l i g h t 
on these processes, 

K e l v i n (1860) had suggested t h a t the e l e c t r i c i t y of 
p r e c i p i t a t i o n should be i n v e s t i g a t e d , but E l s t e r and G e i t e l 
(1888) were the f i r s t t o make observations of i t . They used 
a c o l l e c t i n g vessel which was shielded e l e c t r o s t a t i c l y t o 
avoid the displacement cu r r e n t s produced by changes i n the 
bound charge accompanying p o t e n t i a l gradient changes. They 
measured the charge reaching t h e i r c o l l e c t o r i n an i n t e r v a l of 
time w i t h an electrometer. This method was used by a number 
of l a t e r i n v e s t i g a t o r s , n otably Simpson (1909 and 1949). 
Other workers i n c l u d i n g Scrase (1938) found the charge c a r r i e d 
by a known q u a n t i t y of water by allowing the r a i n t o run i n t o 
a bucket which tipped up when f u l l and simultaneously earthed 

the electrometer. 
The main disadvantage of these methods i s t h a t the e l e c t r o -

MAY SCA ) 



s t a t i c s h i e l d might exclude a p o r t i o n of the r a i n and the 
c o l l e c t i n g vessel might only receive a few of the smaller 
drops, e s p e c i a l l y i f there i s a strong wind. This might be 
important i f a s i g n i f i c a n t p a r t of the t o t a l charge i s c a r r i e d 
by small drops, as suggested by Smith (1955). Also the 
conduction current and any charging due t o splashing i n the 
p o t e n t i a l gradient are excluded. Wilson (1916) made a few 
observations w i t h an exposed receiver f i t t e d w i t h a guard 
r i n g so t h a t charges l o s t from the receiver by water splashing 
o f f i t would be balanced by splashes f a l l i n g onto i t . 
Schonland (1928) and Chalmers and L i t t l e (1940 and 1947) used 
a s i m i l a r method and more r e c e n t l y Chalmers (1956), Adamson 
(1958) and Ramsay (1959) made observations w i t h an exposed 
re c e i v e r and corrected f o r displacement currents. 

Some of the e a r l i e r workers found a tendency f o r the 
p r e c i p i t a t i o n current t o be opposite i n sign to the p o t e n t i a l 
g r a d i e n t , but not a l l l a t e r workers found t h i s correspondance. 
However the r e s u l t s of Simpson (1949) d i s p e l l e d a l l doubt of the 
existance of t h i s inverse r i i a t i o n between the p r e c i p i t a t i o n 
current and p o t e n t i a l g r a d i e n t . Later work has confirmed 
t h a t the cu r r e n t i s u s u a l l y p r o p o r t i o n a l t o the p o t e n t i a l 
gradient and of opposite sign to i t . S i m i l ar r e s u l t s have 
been found f o r i n d i v i d u a l raindrops, although Smith (1955) 
found t h a t the sign of a drop's charge depended on i t s . size. 

With s i n g l e drops the divergence from the average was found 
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t o be very great w i t h drops of the same size and f a l l i n g 
together having charges t h a t d i f f e r e d i n magnitude or even 
i n s i g n . 

The inverse r e l a t i o n can be explained by a charge 
separation i n the cloud g i v i n g charge of one sign to the r a i n 
and l e a v i n g the other i n the cloud t o give r i s e to the 
p o t e n t i a l g r a d ient. Another explanation i s the capture of 
p o i n t discharge ions by the raindrops (Wilson 1929) g i v i n g them 
a charge of opposite sign t o the p o t e n t i a l gradient. Point 
discharge does not u s u a l l y occur except during thunderstorms, 
and i n nlmbostratus c o n d i t i o n s t h i s process i s i m l i k e l y to 
be of primary importance. No s a t i s f a c t o r y i n t e r p r e t a t i o n 
has been made of the r e s u l t s f o r nimbostratus r a i n although by 
considering t h a t r a i n i s formed i n the same way as. snow 
Chalmers (1958) has been able t o draw some conclusions about 
the p o s i t i o n s of charge separation processes. 

I n a d d i t i o n t o the inverse r e l a t i o n many workers have 
observed t h a t the p o t e n t i a l gradient and p r e c i p i t a t i o n current 
changed sign e i t h e r simultaneously or w i t h a short time l a g , 
e i t h e r the p o t e n t i a l gradient or current lending. This has 
been named the m i r r o r image e f f e c t and i s an instantaneous 
r e l a t i o n whereas the inverse r e l a t i o n i s a s t a t i s t i c a l one. 
I t i s possible t o consider i t to be due to the movement 
overhead of the charges i n the clouds as the clouds, are blown 



past. I f the wind i s of uniform strength between the cloud 
and groxind the r a i n i s always d i r e c t l y below the part of 
the cloud where i t o r i g i n a t e d . The time lags sometimes 
observed can be explained i f the wind strength v a r i e s . On 
the other hand the e f f e c t may be explained by the r a i n 
g a i n i n g i t s charge by some process which operates near the 
ground. 

Most workers have only made t h e i r observations at ground 
l e v e l although Gunn (1950) measured the charges on p r e c i p i t a t i o n 
i n s i d e a thunderstorm. However, K e l v i n (1860) and Chauveau 
(1900) measured the p o t e n t i a l gradient, but not the 
p r e c i p i t a t i o n c u r r e n t s , at the ground and simultaneously at the 
top of a tower. They both found t h a t during steady r a i n 
the p o t e n t i a l gradient was u s u a l l y negative but occasionally 
the p o t e n t i a l gradient at the top became p o s i t i v e while t h a t 
at the bottom remained negative, Chauveau also observed 
t h a t changes i n p o t e n t i a l gradient at the top- were less, 
pronounced than the corresponding changes at the bottom and 
th a t sometimes a change of sig n at the bottom was only 
accompanied by a di m i n u t i o n of the p o t e n t i a l gradient at the 
top. 

The d i f f e r e n c e i n sign of the p o t e n t i a l gradient at the 
top and bottom i n d i c a t e s the presence of a negative space 
charge and i f i t s density v a r i e d the p o t e n t i a l gradient at 



the bottom would also vary and i f the space charge were 
confined t o the lower l a y e r s of the atmosphere so t h a t most 
of i t was below the t-op of the tower the changes would be 
smaller at the top. 

Several suggestions have been made to account f o r the 
production of t h i s charge, Lenard (1892) found that when 
drops splashed a negative charge was given t o the a i r which 
could lead t o a negative space charge near the ground. 
Recently hov/ever G i l l and A l f r e y (1952) have questioned the 
existence of any charging by t h i s process. I t has also 
been found t h a t v/hen drops are shattered by a i r b l a s t s a 
negative space charge i s produced, but drops of the size of 
o r d i n a r y r a i n drops are very st a b l e and i t i s improbable 
t h a t the gusts of wind near the ground are strong enough t o 
s h a t t e r them. Adkins (1959a) suggested t h a t the 
p r e c i p i t a t i o n was i n f a c t snow at the top of the tov/er and 
t h a t t h i s melted before reaching the ground, the melting 
being accompanied by a charge separation process. However 
Chauveau reported t h a t the e f f e c t occurred q u i t e f r e q u e n t l y 
and i t i s u n l i k e l y t h a t he would not have observed any 
snow t h a t f e l l . 

Merry (1959) continued the work of K e l v i n and Chauveau 
by making simultaneous measurements of the p o t e n t i a l gradient 
and p r e c i p i t a t i o n c i i r r e n t s at the top and bottom of a mast, but 
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was only able t o make recordings; on two occasions. He d i d 
not r e p o r t d i f f e r e n c e s i n the sign of the p o t e n t i a l gradient 
at the top and bottom of h i s mast, but he d i d observe, at 
both places, the inverse r e l a t i o n between p o t e n t i a l gradient 
and p r e c i p i t a t i o n current and the m i r r o r image e f f e c t which 
are w e l l known f o r observations at the grotmd. His most 
i n t e r e s t i n g observation however was t h a t the c\irrent at the top 
was several times; l a r g e r than that at the bottom. 

The present work was t o be conducted on the s i t e used 
by Merry as a c o n t i n u a t i o n of h i s work. I t was hoped t h a t 
i t would be possible t o take a larg e number of r e s u l t s which 
would enable an explanation t o be found of the 'Kelvin-
Chauveau' e f f e c t and t h a t some inform a t i o n might be gained 
about the o r i g i n of the charges on the p r e c i p i t a t i o n . I t 
was i n f a c t only possible t o make a few recordings before 
October 1962 but these showed some i n t e r e s t i n g features and 
i t i s intended t o continue the work. 



Chapter I I ' THE EQUIPMENT 
The Equipment Requ.lped 

As the problem was t o i n v e s t i g a t e the r a i n currents and 
p o t e n t i a l gradients a t the top and bottom of the mast, the 
basic equipment had t o consist of two p o t e n t i a l gradient 
measuring devices and two r a i n c o l l e a t o r s . A f u r t h e r 
p o t e n t i a l gradient measuring device was required t o provide a 
standard by comparison w i t h which the others could be 
c a l i b r a t e d . As the r a i n current was known to be considerably 
e f f e c t e d by the r a t e of r a i n f a l l , a r a t e of r a i n f a l l recorder 
was also r e q u i r e d . 

Previous workers (Ramsay,1959, Merry 1959) had used 
r a i n c o l l e c t o r s of s i m i l a r design t o t h a t of Scrase (1938), 
c o l l e c t i n g the r a i n i n a shielded receiver and allowing the 
charge c a r r i e d by i t t o f l o w t o earth through a V i b r a t i n g 
Reed Electrometer. Ramsay had compared the currents r e g i s t e r e d 
by shielded and unshielded r e c e i v e r s and had found l i t t l e 
d i f f e r e n c e between them. The shielded type had the advantage 
t h a t displacement currents and conduction currents were 
eli m i n a t e d . This was important as at the top of the mast 
the p o t e n t i a l gradient was exaggerated g i v i n g an increased 
conduction c u r r e n t . As i t was sin3plef. t o construct and the 
VRE's were a v a i l a b l e the design was adopted. 

The simplest p o t e n t i a l gradient measuring devices: were the 
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f i e l d m i l l and the agrimeter. The l a t t e r was simple i n 
c o n s t r u c t i o n and gave the sign of the p o t e n t i a l gradient 
w i t h o u t t r o u b l e , but would only operate i n high p o t e n t i a l 
g r a d i e n t s unless of l a r g e s i z e . The f i e l d m i l l gave a 
l a r g e output even i n small p o t e n t i a l g radients, and which 
could e a s i l y be a m p l i f i e d as. i t was i n the form of an AC 
vo l t a g e . However, w i t h t h i s instrument the determination 
of s i g n gave considerable t r o u b l e . Thus an agrimeter seemed 
s u i t a b l e f o r use at the top of the mast where the p o t e n t i a l gradi 
ent was very h i g h , while f i e l d m i l l s would be necessary at 

^ the ground. The one at the bottom of the mast would have to 
have sign d i s c r i m i n a t i o n , but the other would not as i t would 
only be used when conditions were uniform. 

I t was desirable t h a t the r a t e of r a i n f a l l recorder 
should be d i r e c t reading and be s e n s i t i v e to rates as low as 
0,15 mm/hr. Conventional recording r a i n gauges gave the 
r a t e of r a i n f a l l from the slope of the record and t h e i r 
s e n s i t i v i t y was low. A more s e n s i t i v e model had been developed 
by Ramsay, but the r a t e was again given by the slope of the 
record. However an e l e c t r o n i c type developed by Adkins (1959c) 
gave a d i r e c t reading and i t was decided t o use t h i s method. 

The S i t e and Mast 
The mast, s i t u a t e d i n a f i e l d about 100 yds west of Durham 
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Observatory was a three pole s t r u c t u r e 9 0 f t high and was 
held up by gu y l i n e s . As no ladder was f i t t e d and there was 
no p l a t f o r m on i t previous workers had experienced t r o u b l e 
s e r v i c i n g equipment t h a t had developed f a u l t s , i t u s u a l l y being 
necessary t o remove the equipment completely. i n order t o 
s i m p l i f y t h i s problem i t was decided t o f i t a l l the equipment 
which would be used at the top, t o a p l a t f o r m which could 
be r a i s e d t o the top w i t h ropes and brought down again i f 
any f a u l t s arose. A l l r e p a i r s could then be c a r r i e d out i n 
comparative comfort on the ground. 

To t h i s end a rectangular frame was constructed which 
p r o j e c t e d over one side of the top of the mast. Ropes coming 
up from the movable p l a t f o r m on which the equipment was 
mounted passed through t h i s and then down the inside o f the 
mast so t h a t the p l a t f o r m could be hoisted up t o the top w i t h 
the assistance of a counterweight moving i n s i d e the mast. 
More ropes on the outside of the mast f a c i l i t a t e d lowering i t . 

Boxes con t a i n i n g the power supplies f o r the equipment 
and the VRE i n d i c a t o r u n i t s were s i t u a t e d near the base of 
.the mast. Cables connecting the equipment t o the Observatory 
were c a r r i e d across the f i e l d on short 'T' shaped posts so that 
they would not get overgrown or accidently cut when the 
f i e l d was mown and at the same time would not be high enough 
above the ground t o cause any serious d i s t o r t i o n of the 
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p o t e n t i a l g r a d i e n t , e s p e c i a l l y i n the region of the c a l i b r a 
t i n g p i t . 

The c a l i b r a t i n g p i t ( P i g . 1) was about 100 f t from the 
mast and as f a r as possible from the nearby trees and fences i n 
order t h a t the p o t e n t i a l gradient near i t would be as l i t t l e 
d i s t o r t e d as po s s i b l e . The p i t was covered with-a metal 
p l a t e l e v e l w i t h the ground so tha t a f i e l d m i l l f a c i n g up 
through a hole i n the middle would measure the 'nat u r a l ' 
p o t e n t i a l gradient under the same conditions as when i t was 
c a l i b r a t e d . 

U n f o r t u n a t e l y , before a l l the equipment was ready f o r use 
the guys of the mast became slack and i t became s l i g h t l y 
t w i s t e d . As the f i r m who o r i g i n a l l y supplied i t had gone out 
of business, experts from other f i r m s were consulted and 
they declared t h a t although the mast could be repaired they 
v/ould be unable t o do the work as i t was a type of mast they 
were not used t o and i t s f i t t i n g s were not standard. 
However the E l e c t r i c i t y Board o f f e r e d t o supply a tower such as 
they used f o r power li n e s ; and which had no guys. This was 
normally only 35 f t high but could be f i t t e d w i t h a 40 f t 
extension t o b r i n g i t up t o 75 ft» 

I n due course t h i s was erectedl on the s i t e of the o l d 

mast ( P i g . 2 ) . Unfortunately i t proved d i f f i c u l t to climb. 
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'but a s p e c i a l ladder was ordered and pending i t s a r r i v a l a 
temporary one was f i t t e d . A platform was also constructed 
t o f a c i l i t a t e work at the top. This was a rohust s t r u c t u r e 
4 f t . square w i t h the top 5 f t of the tower p r o j e c t i n g 
through i t . I n view of the comparative ease of working t h a t 
t h i s provided i t was decided not t o construct another pulley-
system hut t o f a s t e n the equipment d i r e c t l y t o the tower. 

A l l the equipment was then i n s t a l l e d except f o r the r a t e 
of r a i n f a l l c o l l e c t o r which was s t i l l incomplete. The 
agrimeter had p r e v i o u s l y heencalihrated i n the p i t to avoid 
h o i s t i n g i t up and down more than was necessary. 

U n l u c k i l y , only s i x weeks a f t e r recordings were s t a r t e d 
the tower was; "blown down i n a gale, the gusts-, apparently 
responsihle had speeds of over 85 mph. Some equipment 
was damaged, hut i n the main only s u p e r f i c i a l l y , although 
the tower was badly h a t t e r e d . Fortunately i t was possible 
t o salvage most of i t and the E l e c t r i c i t y Board very soon 
began r e c o n s t r u c t i n g i t , but when i t was 15 f t above ground 
work stopped through l a c k of s k i l l e d men and was not 
recommenced u n t i l i t was too l a t e t o do any f u r t h e r recording. 

The Rain Collectors-. 
These were constructed on the same l i n e s as those of 

Scrase (1938) but without the t i p p i n g bucket arrangement (Pig. 
3 ) . The inner cone was e l e c t r o s t a t i c a l l y shielded as w e l l 
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as p o s s i b l e t o reduce the p o t e n t i a l gradient at i t s surface 
i n order t o e l i m i n a t e displacement currents and t o reduce 
the spurious charges produced "by drops splashing i n a 
p o t e n t i a l g r a d i e n t . This cone which was t o catch the r a i n 
was constructed of zinc sheet so t h a t the j o i n t s could he 
soldered t o make them waterproof. The cahle from i t t o 
the VRE Head-Unit was clamped f i r m l y to a supporting g i r d e r 
t o prevent any microphonics. 

The i n s u l a t o r s were kept dry "by sealing the j o i n t s i n the 
c o n i c a l s h i e l d w i t h A r a l d i t e t o prevent water running onto 
them, and hy p r o v i d i n g heaters to evaporate condensation. 
These consisted of two 100 w l i g h t hulhs wired i n s e r i e s 
to lengthen t h e i r l i v e s and enclosed i n earthed aluminiiim: 
"boxes t o e l i m i n a t e mains pick-up. 

The VRE's used "by previous workers were i n good c o n d i t i o n 
and a f t e r a few minor r e p a i r s worked w e l l . They were used 
w i t h the r a i n c o l l e c t o r s as DC a m p l i f i e r s measuring the 
volt a g e generated across a high resistance "by the r a i n current 
as i t flowed t o earth through i t . The I n d i c a t o r Units 
were housed i n a s p e c i a l l y designed "box at the f o o t of the 
mast as they could not "be separated from the Head Uni t s "by 
more than 200 f t , and t h e i r outputs were taken to the 
O'bservatory along shielded ca'bles. 
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The F i e l d M i l l s 
TWO of these were needed, one w i t h sign d i s c r i m i n a t i o n 

f o r a c t u a l o"bservations and another f o r use as a standard so that 
the exposure f a c t o r s could "be determined. As already notieed 
t h i s one d i d not need any means of sign d i s c r i m i n a t i o n . 
The type developed "by Whitlock (1935) appeared the most 
suita'ble and the group was experienced i n i t s use. I t 
consisted of cross shaped c o l l e c t o r p l a t e and r o t o r and 
incorporated an e l e c t r o s t a t i c generator operating synchronously 
w i t h t he r o t o r and r e c t i f i c a t i o n was e f f e c t e d hy a phase 
s e n s i t i v e d e tector (Schuster 1951). 

The vanes and motors were taken over from machines used 
"by a previous worker. They were mounted on a p l a t e v/hich 
was supported "by a n t i - v i h r a t i o n mounts on the main chassis. 
The chassis was constructed of s t e e l angle and designed t o 
make the i n t e r i o r as accesai"ble as possi"ble. The motor 
was shielded t o prevent pickup and the cathode f o l l o w e r s ( F i g . 
5a) mounted i n e l a s t i c hands on one side of the shield and a. 
small power pack on the other ( F i g , 4 ) , 

The a m p l i f i e r was adapted from a design used hy Milner 
(1961) ( F i g . 6 ) . The Schuster c i r c u i t was included i n the 
feedhack loop i n the manner of Whitlock, For the ' c a l i b r a t i n g 
m i l l ' only Milner's c i r c u i t was used. 

Previous workers had experienced some d i f f i c u l t y w i t h 
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the r e c t i f i e r since f l u c t u a t i o n s i n the size of the reference 
s i g n a l had.a considerahle e f f e c t on the a m p l i f i c a t i o n and also 
caused zero d r i f t . I t appeared t h a t humidity had some 
e f f e c t on the size of the s i g n a l , hut as no means could he 
discovered t o keep i t constant i t was decided t o shape i t 
e l e c t r o n i c a l l y . This was done hy a m p l i f y i n g i t t o ahout 40v 
and then ' l i m i t i n g ' i t hy passing i t through two diodes which 
were hiassed t o cut o f f at +5v and -5v ( F i g . 5h). However 
t h i s d i d not operate very s a t i s f a c t o r i l y , prohahly because 
the diodes were operating at the intermediate part of t h e i r 
c h a r a c t e r i s t i c s so t h a t they v/ere a c t i n g as varigjble 
r e s i s t o r s . Despite t h i s some improvement was made on 
Whitlock's instrument f o r which he gave the d r i f t t o be 10^ 
of f u l l scale f o r a 20fo change of reference signal amplitude. 

Following t h i s r a t h e r unsuccessful attempt other methods 
of sign d i s c r i m i n a t i o n were considered. The simplest 
appeared t o be t h a t of s h i f t i n g the zero by means of a 
sjmchronous a u x i l i a r y generator v/hich gave a 'zero s i g n a l ' 
of constant size and phase, but much l a r g e r than the maximum 
expected output of the m i l l so that f o r p o s i t i v e p o t e n t i a l 
gradients the signals would add and f o r negative p o t e n t i a l 
gradients where the m i l l s i g n a l changed phase they would 
s u b t r a c t . This meant t h a t the r e s u l t a n t never went down to 
zero. The greatest d i f f i c u l t y w i t h t h i s method would have 
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been t h a t the a u x i l l i a r y s i g n a l would have had t o have been 
constant t o v / i t h i n very narrow l i m i t s , f o r i f the m i l l was 
to, measure p o t e n t i a l gradients between only +1000v/m and 
-lOOOv/m and was expected t o have an accuracy of 5^ i n the 
range +̂ 50v/m the magnitude of the a u x i l l i a r y signal would 
have t o be constant t o b e t t e r than 0.3%. I f a more v e r s a t i l e 
instrument had been required which would have measured the 
high p o t e n t i a l gradients occurring i n very disturbed weather 
an even greater accuracy would have been required. I n 
a d d i t i o n i t would have been necessary f o r the a t i x i l l i a r y s i g n a l 
t o have been as c l o s e l y as poss i b l e the same shape as the 
m i l l s i g n a l , f o r , i n an extreme case, i f the a u x i l l i a r y s i g n a l 
had been a square wave and the m i l l s i g n a l i n the form of sharp 
pulses the s i g n a l would have added s a t i s f a c t o r i l y , but the 
d i f f e r e n c e would have had the same amplitude as the a u x i l l i a r y 
s i g n a l and so any negative p o t e n t i a l gradients would have been 
recorded as zero. 

This i n d i c a t e d t h a t d i f f i c u l t y might be experienced 
w i t h an electromagnetic generator. An e l e c t r o s t a t i e generator 
of the same design as the r o t o r - s t a t o r assembly could have 
been used, or the r o t o r - s t a t o r assembly i t s e l f would have given 
a zero s i g n a l i f a voltage had been applied to the r o t o r . I n 
e i t h e r method v a r i a t i o n s of the voltage or of the r o t o r - s t a t o r 
separation would have caused f l u c t u a t i o n s i n the sig n a l 
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amplitude. Although i t would have been possible t o 
s t a b i l i s e the voltage by using a conventional s t a b i l i s i n g 
c i r c u i t , the i n e v i t a b l e slackness of the motor bearings 
would have caused v a r i a t i o n s of the r o t o r - s t a t o r separation. 
I t seemed probable t h a t t h i s would have given r i s e t o 
g u i t e short term f l u c t u a t i o n s which i t would not have 
been po s s i b l e t o f o l l o w even by q u i t e frequent zero checks. 

The most accurate instriament of the f i e l d m i l l type would 
have been one c o n s i s t i n g of only the r o t o r - s t a t o r assembly, 
a m p l i f i e r , simple r e c t i f i e r and recording system. A d d i t i o n a l 
equipment t o determine sign would have introduced, inaccuracies 
i n the form of zero d r i f t and a m p l i f i c a t i o n changes. 
Although i t might have been possible t o take account of 
these by frequent use of a ' t e s t p l a t e ' t o cover the m i l l , 
and produce a known p o t e n t i a l g r a d i e n t , such a process would 
have wasted recording time and e i t h e r imposed a considerable 
burden on the experimenter or required a q u a n t i t y of 
automatic equipment. 

I t proved possible t o develop an instrument which 
operated as w e l l as a sljmple one without sign d i s c r i m i n a t i o n , but 
which nevertheless gave the sign of the p o t e n t i a l gradient by 
means of an ' i n d i c a t o r ' s i m i l a r to t h a t used by Malan and 
Schonland (1950) who increased the area of t h e i r c o l l e c t o r 
and thus increased the output at the beginning of every n i n t h 
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covering operation. This enlarged the peak or trough of 
the corresponding wave, depending on whether the p o t e n t i a l 
g r a d ient was p o s i t i v e or negative. They recorded by 
photographing an oscilloscope trace since they were i n t e r e s t e d 
i n very short term f l u c t u a t i o n s . As such an i n d i c a t o r 
would have had a frequency of about 50c/s i t would have been 
recorded on a f i l m moving at Icm/min merely as a zero d e f l e c t i o n . 
I n order t o o b t a i n an i n d i c a t o r w i t h a s u i t a b l e time scale 
a d i f f e r e n t procedure was- followed. This was; t o make the 
output of the m i l l more p o s i t i v e f o r a few seconds every h a l f 
minute. 

This was done w i t h an a u x i l l i a r y generator, a c t u a l l y 
the r o t o r and s t a t o r w i t h a voltage applied to the r o t o r 
by connecting the earthing brushes; t o earth v i a a b a t t e r y . 
The voltage was not s u f f i c i e n t l y high to make a l l p o t e n t i a l 
gradients appear t o be of the same sign as i n the instruments 
already mentioned, but only enough t o give a s l i g h t s h i f t i n 
the p o s i t i v e d i r e c t i o n . The e f f e c t of the voltage can be 
seen by considering the theory developed by Whitlock (1955). 

\'Vhen the s t a t o r i s f u l l y exposed i t has a boimd charge ofr 

Where E i s the p o t e n t i a l g r a d i e n t , N the number of vanes, r-L, 
r o the i n t e r n a l and e x t e r n a l rad i i of the vanes, and 0 the angle 
of the sector formed by one vane and gap. VYhen the s t a t o r i s 
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f u l l y shielded t h i s becomes;: 

Where V i s the voltage on the s t a t o r and d i s the r o t o r - s t a t o r 
separation. V/d corresponds t o the a r t i f i c i a l p o t e n t i a l 
gradient applied t o the s t a t o r by the charged r o t o r . At an 
intermediate p o s i t i o n the bound charge isr. 

w/H i s the angular v e l o c i t y of the r o t o r and t i s the time 

from the beginning of the s h i e l d i n g . This gives a current of: 

d 

I f t he s t a t o r has a re s i s t a n c e R and capacitance C t o earth, 
Whitlock shows t h a t when a steady s t a t e has been reached the 
peak vo l t a g e across R i s : 

since R i s made very lar g e t h i s approximates to: 

Thus Vj^flCl^V/d 
As the value of V̂ ^ corresponds t o the amplitude of the 

output s i g n a l and the sign only e f f e c t s the phase the. a m p l i f i e r 



Secure Fulies 

5^Vv7o<5f"fl Puis 

Fig la 

Ik 
10,000 
F : 

To 

100 

Fig 7b 



19 

output gives the moduliis of i . e . |'E-V/dJ'.V/d i s u s u a l l y 
much smaller than E so t h a t f o r p o s i t i v e E j'E-V/d,|'> .j'sj' 
and f o r negative E |3-V/dJ'< ,(Xf. . I f the voltage supply i s 
only connected i n f o r a few seconds, at a time then normally 
/|'E/| i s recorded, during the short i n t e r v a l v/hen |'E-v/d,|' i s 
recorded i t shows as a pulse e i t h e r above or below the l i n e 
corresponding t o ,|'E/| depending on the sign of E. 

The pulse was made t o be of short d u r a t i o n so t h a t the 
record of |'E/j was e f f e c t i v e l y continuous and during most of 
the t i m e the instrument was operating i n i t s simplest 
c o n d i t i o n so...that i t s performance was as r e l i a b l e as 
pos s i b l e . The voltage f o r the pulses was taken from a 
p o t e n t i a l d i v i d e r across a 1.5v c e l l . . The values of the 
r e s i s t o r s used had t o be q u i t e low as i f the resistance of 
the r o t o r to ea r t h was more than a few hundred ohms st r a y 
charges from f r i c t i o n a l or other e f f e c t s v/ere not removed 
r a p i d l y enough and the s i g n a l became 'grassy'. The pulses; 
were produced by a change-over switch operated by a synchronous; 
motor. The switch wa& of the 'make-before-break' type t o 
avroid i s o l a t i n g the r o t o r from earth f o r any pa r t of the pulse 
( p i g . 7fe). The pulses produced by t h i s means were approximately 
square which was s u i t a b l e f o r a l l but small negative p o t e n t i a l 
g r a d i e n t s . Por i f the p o t e n t i a l gradient v/as negative and 
les s than the pulse height then the a p p l i c a t i o n of a pulse 
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made the r e s u l t a n t apparent p o t e n t i a l gradient p o s i t i v e and 
possi b l y greater than the o r i g i n a l negative p o t e n t i a l 
g r a d i e n t . This gave a small p o s i t i v e pulse which could have 
caused ambiguity of sign. As the pulses had a f i n i t e r i s e time 
the apparent p o t e n t i a l g r a d i e n t f e l l to zero before r i s i n g 
t o give the p o s i t i v e pulse and t h i s would have got over the 
ambiguity i f the recording system had had a s u f f i c i e n t l y 
short response time. As i t had not, i t was necessary t o 
lengthen the pulse's' r i s e time by g i v i n g i t a saw-tooth shape 
by adding a l a r g e condenser across the r e s i s t o r i n the 
p o t e n t i a l d i v i d e r , so t h a t the voltage across i t rose slowly 
when the c e l l was connected (Figs. ?«, 8 ) . I t was found 
t h a t a time constant of about 1 sec was heeded before the 
recording system showed the change i n d i r e c t i o n of the pulse. 
The pulse u n i t was housed i n the box at the bottom of the mast 
together w i t h the 25v DC supply f o r the motors and these 
were connected t o the m i l l s by s i x core cables. 

Some t r o u b l e was experienced w i t h pickup from the m i l l 
motors. I t was at f i r s t intended t o use the motor DC supply 
f o r the valve heaters but du r i n g t r i a l runs a large amount of 
sparking was apparent on the output, and apparently o r i g i n a t e d 
on the commutator. Some of t h i s was foiind t o be tra n s m i t t e d 
v i a the valve heaters but some appeared at the input to the 
valve. This seemed t o be due to imperfect earthing of the 
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motor case which had "been i s o l a t e d from the chassis of the 
m i l l and earthed through the r o t o r "brushes. This was simpler 
than i s o l a t i n g the r o t o r from the shaft which would otherwise 
have "been necessary f o r the a p p l i c a t i o n of pulses. Pick-up 
from the commutator was heing conducted t o the r o t o r and there 
inducing a s i g n a l onto the s t a t o r . This was reduced considerahl; 
"by i n s u l a t i n g the r o t o r from the shaft w i t h a s p e c i a l l y made 
"bush '.and the s l i g h t r e s i d u a l removed hy p u t t i n g a small 
condenser across the cathode r e s i s t o r of the cathode f o l l o w e r . 
The m i l l s were mounted on stands so t h a t they faced downwards 
t o prevent the accumulation of r a i n on the vanes, and guard 
r i n g s were attached round the vanes t o prevent i t g e t t i n g 
on the i n s u l a t i o n . 

The Agrimeter and the Rate of R a i n f a l l Recorder 

Both these instmiments were constructed by Raisteck and 
he gives a f u l l accouiit of them i n h i s t h e s i s , hut f o r 
completeness they w i l l he b r i e f l y described here. The 
agrimeter, (Chalmers, 1953), operated by exposing an 
earthed p l a t e t o the p o t e n t i a l gradient which induced a bound 
charge onto i t . The p l a t e ¥/as .then disconnected from earth 
and shielded from the p o t e n t i a l gradient and i t s charge allowed 
t o f l o w t o e a r t h through a galvanometer. This sequence 
7/as repeated r a p i d l y so t h a t a current flowed through the 
galvanom e t e r , i t s magnitude i n d i c a t i n g the strength of the 
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p o t e n t i a l g r a d i e n t . The instmament was made consideralDly 
smaller than Chalmers' since i t was t o he used at the top of 
the tower where the p o t e n t i a l gradient was considerahly 
d i s t o r t e d . A f t e r s u i t a b l e adjustment of the motor speed 
and p r o t e c t i o n of the s i g n a l plugs from the r a i n i t gave l i t t l e 
t r o u h l e . 

The r a t e of r a i n f a l l recorder was developed by Adkins 
(1959c) and consisted of a fu n n e l i n t o which the r a i n f e l l 
and from which i t emerged as a t r a i n of equal sized drops, 
the frequency of which gave the r a t e of rainfall» The drops 
were made to form an e l e c t r i c a l contact between two wires t o 
give voltage pulses, the frequency of which was measured 
e l e c t r o n i c a l l y . 

The Recording System, 

The best means of recording a v a i l a b l e was t o use galvano
meters and a camera w i t h a moving f i l m . Suitable instruments 
were found and set up and a f t e r considerable adjustment were 
made t o give traces; which were as f i n e as possible but which 
also had d i f f e r e n t i n t e n s i t i e s so t h a t i t was possible t o 
recognise the records of d i f f e r e n t instruments. The 
lens of the camera had a scale scratched on i t so tha t 
when the whole f i l m was darkened by means of a 'fogging lamp' 
a series of l i n e s was produced to give a means of measuring 
d e f l e c t i o n s across the paper. A time scale was produced 
by switching o f f the 'fogging lamp' f o r a few seconds at 
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h a l f minute i n t e r v a l s . This was done by a switch operated 
by a c^ynchronous clock motor. 

This equipment was set up i n a recording room at the 
Observatory t h a t could be kept permanently dark. The 
galvanometers were mounted on a p i l l a r w i t h independent 
foundations so t h a t v i b r a t i o n s caused by movement i n the room 
would not e f f e c t them. The s e n s i t i v i t i e s of the galvanometers 
were adjusted by means of A ^ r t o n shunts:.. The values o f the 
shunting r e s i s t o r s could be v a r i e d w i t h a selector switch t o 
give a s e r i e s of s e n s i t i v i t i e s . These proved adequate f o r a l l 
recordings t h a t were made and i t was not necessary to a l t e r the 
gain of the a m p l i f i e r s . The switches were mounted on a 
m o n i t o r i n g panel, on a rack together w i t h the a m p l i f i e r s and 
other e l e c t r o n i c s (Figs, 9 ) . Also on the monitoring panel 
were microammeters to show the outputs of the instriiments, 
so t h a t s u i t a b l e s e n s i t i v i t i e s could be chosen. As the 
output from the agrimeter was too small t o r e g i s t e r on a 
microammeter i t s output was shown on a high s e n s i t i v i t y 
•Scalamp', however even on t h i s i t only gave a d e f l e c t i o n of 
1 cm f o r a p o t e n t i a l gradient equivalent to 2000v/m at the 
ground. Nevertheless, t h i s was adequate f o r the s e l e c t i o n 

of s e n s i t i v i t i e s . 
The rack h o l d i n g the e l e c t r o n i c equipment was s i t u a t e d 

i n the corner of the l a b o r a t o r y where the cables were l e d i n 
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from the f i e l d to minimise the length of cable used, and so 
tha t a good view could be obtained of the weather conditions 
i n the f i e l d while monitoring the equipment. 
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Chapter I I I CALIBRATION AND PERFOmiAJ^CE OF THE EQUIPMMT 

The Rain C o l l e c t o r s 

As the current produced by the r a i n was found by 

measuring the voltage generated by i t across, the high i n p u t 

r e s i s t o r of the VRE, i t was necessary to c a l i b r a t e i t i n 

terms of the in p u t voltage and also t o measure the input 

r e s i s t o r . The VRE was always operated on the 300 mv 

range and only e x c e p t i o n a l l y l a r g e currents would give f u l l 

scale d e f l e c t i o n , so t h a t the a m p l i f i e r would never be over

loaded and i t would be p o s s i b l e t o change the s e n s i t i v i t y 

w i t h out l e a v i n g the Observatory, Frequently the output was 

small, but the galvanometer used was s e n s i t i v e enough to 

record i t . 

The voltage c a l i b r a t i o n of the VRE was performed by 

s h o r t i n g out the input r e s i s t o r t o avoid spurious signals and 

i n s e r t i n g known voltages i n t o the feedback loop v i a a special 

c a l i b r a t i o n socket ( F i g . 10). 

The in p u t r e s i s t o r was c a r e f u l l y removed from the head 

u n i t and i t s value found by allowin g a standard condenser 

t o discharge through i t f o r given times and then f i n d i n g 

the time constant of the combination. From t h i s , as the 

values of the capacitance and leakage resistance of the 

condenser were Icnown, the value of the resistance could be 

c a l c u l a t e d . The values of the r e s i s t o r s used were quoted 
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by the makers t o be lO'^^jt + 20%. The measured values were 
1.08 X 10•'•'^^ and 1.07 x 10"'"*̂ JTL which had an estimated 
e r r o r of + 2^. 

When the recording apparatus was f i r s t connected some 
d i f f i c u l t y was experienced as the output of each SRE 
appeared t o f o l l o w the reading of the other, even i f one 
of the VRE's'. was not switched on. They also gave a large 
zero d e f l e c t i o n . The connections t o the galvanometers were 
made v i a c o a x i a l cables, the shield s of which were connected 
t o the chassis of the VRE's, t o a plug board i n the 
connection box near the tower and t o the monitoring panel i n 
the Observatory, Both t h i s and the VRE chassis were 
earthed t o the 'mains' ea r t h p i n . 

These e f f e c t s disappeared i f the whole recording system 
was disconnected at the VRE outputs. I t was found t h a t when 
the two c i r c u i t s connecting the VRE's and galvanometersr; were 
i s o l a t e d from each other the VRE's ceased to f o l l o w and i f 
they were disconnected from e a r t h at a l l p o i n t s except the 
chassis of the VRE's; the zero d e f l e c t i o n s disappeared. These 
were apparently caused by currents f l o w i n g i n the earth l i n e s , 
probably generated by contact p o t e n t i a l s at the various 
e a r t h i n g points, i n the c i r c u i t . 

To avoid the p o s s i b i l i t y of a s i m i l a r e f f e c t o c c u r r i n g 
i n any of the other equipment the 'mains' earth connection t o 
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the monitoring pannel was removed, so that the equipment was 
only earthed from the connection box near the tower. 

These e f f e c t s having e l i m i n a t e d , another spurious e f f e c t 
became apparent, A l a r g e d e f l e c t i o n appeared which showed 
long term f l u c t u a t i o n s even when there was no r a i n , but i t 
was observed t h a t i t increased n o t i c a b l y a f t e r a heavy r a i n , 
Vi/hen the heaters i n the c o l l e c t o r s were switched o f f the 
d e f l e c t i o n s l o w l y f e l l t o zero and returned gradually to i t s 
o r i g i n a l value when they were switched on again, recovery 
t a k i n g about a quarter of an hour. This suggested t h a t 
evaporation of the water t h a t had been c o l l e c t e d i n the cone 
may have caused the e f f e c t , but when the cone was emptied 
and d r i e d out the d e f l e c t i o n p e r s i s t e d , 

0 

This spurious d e f l e c t i o n had only occurred since the 
c o l l e c t o r s were moved to the Observatory, During t r i a l s at 
the Science Laboratories t h e i r performance had been s a t i s f a c t o r y . 
The only d i f f e r e n c e i n conditions was tha t at the Science Labora
t o r i e s they had been standing on sheets of metal, whereas 
at the Observatory they stood on the grass w i t h open bases. 
I t was found t h a t when they were again placed on metal sheets 
the d e f l e c t i o n disappeared. The necessity of heat and grass 
and the dependence on r a i n suggested that evaporation from the 
grass, but not apparently from the metal, caused a charge 
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separation which gave r i s e t o a space charge some of which 
was picked up by the cone. This explanation seemed 
improbable as no d i r e c t evidence had ever been found t h a t 
the evaporation of water gave any e l e c t r i c a l e f f e c t . I t 
would have been i n t e r e s t i n g t o have i n v e s t i g a t e d the e f f e c t , 
but as i t was not r e l a t e d t o the work i n hand i t d i d not 
appear j u s t i f i a b l e to spend any time on i t . 

A f t e r these e f f e c t s had been eliminated no serious t r o u b l e 
occurred. Some previous workers had found t h a t the 
i n s u l a t i o n was f r e q u e n t l y shorted by spiders spinning webs inside 
t h e i r c o l l e c t o r s , but spiders d i d not appear t o favour the 
con d i t i o n s i n s i d e the c o l l e c t o r s used, possibly the temperature 
was t o high f o r them. The heaters were of higher wattage 
than those used by e a r l i e r workers. Breakdown was only 
r a r e l y caused by i n s u l a t i o n g e t t i n g wet, although at one 
stage a leak i n the cone caused frec^uent breakdown, but 
t h i s was e a s i l y remedied once the cause had been determined. 

The Agrimeter and the F i e l d M i l l s 
Both f i e l d m i l l s and the agrimeter were c a l i b r a t e d 

between two l a r g e p l a t e s . The lower p l a t e had a hole cut 
i n i t , so t h a t the vanes of the m i l l s or the top of the 
agrimeter were l e v e l w i t h the surface of the p l a t e . Voltages 
were applied! across the p l a t e s and knowing t h e i r separation. 
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the r e l a t i o n could be found between the p o t e n t i a l gradients 
thus produced and the outputs of the instruments (Figs. 11 
and 12). 

The use of the c a l i b r a t i o n curves thus found would not 
i n p r a c t i c e give the p o t e n t i a l gradient at the ground or at 
75 f e e t , on account of the exposure f a c t o r s of the instruments, 
the p o t e n t i a l gradient at the top of the tower being increased 
by about 100 times t h a t at the ground. This increase was 
caused by the d i s t o r t i o n o f the l i n e s of f o r c e by the 
tower. I n order t o determine these exposure f a c t o r s , the 
' c a l i b r a t i n g m i l l ' v;as placed underneath the lower 
c a l i b r a t i n g p l a t e w i t h i t s vanes l e v e l w i t h the surface. The 
c a l i b r a t i n g p l a t e had been sunk i n t o the ground so tha t i t 
was l e v e l w i t h the surrounding f i e l d . The p o t e n t i a l gradient 
measured by t h i s m i l l would not be d i s t o r t e d i n any way 
and as i t was operating under the same conditions as when 
i t was c a l i b r a t e d the value of the p o t e n t i a l gradient 
could be found accurately from i t s c a l i b r a t i o n curve. The 
other two instruments were mounted i n t h e i r operating 
p o s i t i o n s and a l l were run simultaneously. A clear day 
when there was no cloud v/as chosen, since under such 
c o n d i t i o n s no space charge would be expected, so t h a t 
there would toe no v a r i a t i o n of p o t e n t i a l gradient w i t h height 
and a l l instruments would record the same p o t e n t i a l gradient. 
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By comparing t h e i r outputs the exposure f a c t o r s t o be 
applied t o each instrioment was determined. These were 
found t o be 17.5 f o r the agrimeter and 0,68 f o r the m i l l 
at the bottom of the tower, the value f o r the agrimeter was 
r a t h e r s u r p r i s i n g as the exposure f a c t o r of a s i m i l a r machine 
on the mast had been given by Kirkraan (1956) as 125, The 
d i f f e r e n c e v/as probably produced by the geometry of the 
tower w i t h its-- wide p l a t f o r m compared w i t h t h a t of the narrow 
mast, and by the p o s i t i o n of the agrimeter, as i t had 
been mounted close t o the base of the c o l l e c t o r v/hich 
would have shielded i t from the p o t e n t i a l gradient to some 
extent. 

Both the m i l l s and the agrimeter proved s a t i s f a c t o r y 
i n use. The agrimeter gave l i t t l e t r o u b l e except that when 
the c o l l e c t o r near i t was zeroed by p u t t i n g a loosely f i t t i n g 
p l a t e over i t t o keep out the r a i n the v i b r a t i o n i n the p l a t e 
caused by the agrimeter gave r i s e t o a ra t h e r grassy output from 
the c o l l e c t o r . The agrimeter's zero output was n e g l i g i b l e and 
showed no v a r i a t i o n s except on one occasion when dampness i n a 
plug connecting the instrument t o i t s cable gave r i s e t o 
a la r g e zero d r i f t . This was probably due t o contact 
p o t e n t i a l s . 

Most of the d i f f i c u l t i e s w i t h the m i l l s appeared to 

o r i g i n a t e i n the motors. The sparking from the commutators 
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has already been mentioned together w i t h the steps taken to 
eli m i n a t e i t s e f f e c t s . The motor of the c a l i b r a t i n g m i l l 
d i d not operate very s a t i s f a c t o r i l y as i t v i b r a t e d considerably. 
This was not completely absorbed by the a n t i - v i b r a t i o n mounts 
and, on occasions, r e s u l t e d i n f l u c t u a t i o n s i n the output. As 
t h i s m i l l was not used noiroally t o take records t h i s was 
not serious and f o r comparison of the outputs of the d i f f e r e n t 
instruments f o r c a l i b r a t i o n any p a r t s of the record e f f e c t e d 
could be ignored. When t h i s m i l l was not i n use another 
'motor e f f e c t ' became apparent. I f the 'recording m i l l ' 
was used alone w i t h the ' c a l i b r a t i n g m i l l ' switched o f f the 
output of the 'recording m i l l ' was l a r g e r f o r the same 
p o t e n t i a l gradient than v/hen both m i l l s were running. This 
was a t t r i b u t e d t o the speeding up of the motor since the 
24 V D.C. power gave a s l i g h t l y higher voltage when the 
current taken from i t was decreased. This e f f e c t was not 
in.agreement w i t h Whitlock's theory which showed that 
the output was independent of the motor speed. 

These checks of zero and c a l i b r a t i o n voltage were made 

w i t h a small ' t e s t p l a t e ' t h a t could be fastened over the 

vanes and t o which a voltage could be applied g i v i n g a known 

p o t e n t i a l g r a d i e n t . On one occasion when a long zero 

check was made two a l t e r n a t i n g zero outputs were apparent. 
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One of these was the same as the galvanometer zero and 
each one l a s t e d f o r a few minutes. When the signal was 
observed on an oscilloscope, the d e f l e c t i o n was seen t o be 
caused by 50 c/s pickup which vanished f o r i n t e r v a l s of varying 
l e n g t h . This pick-up was present even when the m i l l s were 
not working which suggested t h a t i t o r i g i n a t e d i n the cables 
between the m i l l s and the a m p l i f i e r s . I t was intended to 
i n s t a l l tuned f i l t e r s t o eliminate t h i s but they were not 
ready f o r use before the tower f e l l down. 

The system of "sign d i s c r i m i n a t i o n worked w e l l . The only 
drav/back was t h a t the cam operating the switches became worn 
down so t h a t the len g t h of t h e pulses changed. This was 

e a s i l y adjusted and caused no loss of recordings but i t would 
c l e a r l y have been p r e f e r a b l e t o use a r e l a y , which would not 
have got out of adjustment so r a p i d l y , A r e l a y would also 
not have s u f f e r e d from another defect. This was that i f the 
cam was stopped j u s t as i t was about t o operate i t would not 
s t a r t up again as the load on i t was too great. 

The Rate of R a i n f a l l Recorder 

This was c a l i b r a t e d q u i t e simply by allowing water t o 
run i n t o the c o l l e c t i n g cone at a known r a t e and recording 
the output. The corresponding r a t e of r a i n f a l l was e a s i l y 
c a l c u l a t e d from the area of the c o l l e c t o r and the r a t e of 
supply of water. 
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As the instmraent was never used I t s performance 
could not "be tested. 
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Chapter IV AUXILLIARY EXPERIMENTS 

Compensation f o r Displacement Currents 
The collectors had "been designed to reduce the p o t e n t i a l 

gradient at the inner cone i n order to eliminate displacement 
currents and splashing effects. However the potential 
gradient at the top of the mast was so intense that displace
ment currents were clearly shown (Pig. 13) and were of a 
magnitude comparable with p r e c i p i t a t i o n currents. As t h i s 
e f f e c t could under certain conditions have masked the true 
p r e c i p i t a t i o n current i t was decided to apply a correction 
f o r t h i s and the conduction current. This could have "been 
done e l e c t r o n i c a l l y using the output of the agrimeter, (Adamson, 
1958), hut the adjustment of such equipment would have heen 
d i f f i c u l t and would prohahly have taken a long time as i t 
would only have heen possible i n conditions when the natural 
p o t e n t i a l gradient v/as varying rapidly, Adamson used an 
a r t i f i c i a l p o tential gradient with a calibr a t i n g plate over 
the apparatus, but t h i s wag not possible on the tower. The 
simplest method thus appeared to be the use of a correction 
term calculated from the p o t e n t i a l gradient and i t s rate of 
change. 

Since the value of the potential gradient i n the cone 
could not be determined a correction factor could not be 
derived t h e o r e t i c a l l y so an empirical one had to be found. 
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For t h i s purpose simultaneous recordings were taken of the 
po t e n t i a l gradient and current at the top of the tower on a 
day when there was no r a i n and many small cumulus clouds were 
overhead so that the po t e n t i a l gradient was varying rapidly 
giving displacement currents that were large and clearly 
defined and so could "be measured accurately. The general 
formula r e l a t i n g displacement and conduction currents to the 
p o t e n t i a l gradient and i t s rate of change could he det*iyed 
t h e o r e t i c a l l y and the observed values used to determine the 
constants involved. 

The r e l a t i o n "between the conduction, current and the 
po t e n t i a l gradient i s : i = A P 

c 
where F i s the potential gradient, i„ i s the conduction current 
and A i s the conductivity. The r e l a t i o n hetween displace-

dF 
ment current and po t e n t i a l gradient i s : i ^ = ^ 
where £^ i s the p e r m i t t i v i t y of the a i r . 
When i n t e r p r e t i n g the record i t was usual to take values 
averaged over h a l f minute i n t e r v a l s , and i t would have "been 
d i f f i c u l t to measure the slope i n t h i s way so that a value 

dF 
of ^ would have heen d i f f i c u l t to ohtain. However an 
approximation was made "by f i n d i n g 2^F, the change i n potential 
gradient "between the beginning and end of the i n t e r v a l , the 
r e l a t i o n now "becoming: i ^ = KAP 
where K i s a constant. 
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I f we now take i n t o account the differences i n the values 
of the actual potential gradient at the surface of the cone 
and at the agrimeter the t o t a l current i s given by: 

i = i c + ^d = 

Where A and B are constants and i i s averaged over the 
i n t e r v a l . An equation of t h i s type was found from the record 
by means of ordinary regression methods. 

The equation was foujid to be: 

i = (0.015 P + 0.048 A P ) X 10"^^ 

This method of correction i s unsatisfactory for several 
reasons. Since i t involves applying the correction to each 
hal f minute reading the computation involved i s considerable 
unless conditions are exceptionally steady. I t i s also 
necessary to measure A P i n addition to the other data. 
More serious are inaccuracies i n the correction formula. 
These can arise from two causes, f i r s t l y , there i s evidence 
that the conductivity i n r a i n would not be the same as i n the 
f i n e weather v/hen the measurements were made. The second 
source of inaccuracy i n the method of determining the values 
of the constants from the recordings. This assumes that there 
i s no error i n the values of P and A P. Such an assumption 
i s c l e a r l y u n j u s t i f i e d , but there does not appear to be a 
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more suita"ble method of f i n d i n g the constants i n an 
equation of t h i s type. 

The Splashing of Water Drops 
I t had "been noticed that on the record of the 

p r e c i p i t a t i o n current at the top of the mast occasional 
very highly charged drops had "been recorded. These v;ere always 
of opposite sign to the p o t e n t i a l gradient. I t was suspected 
that these may have "been caused "by drops shattering on the 
edge of the coll e c t o r shield. To investigate t h i s an 
independent experiment v/as carried out to f i n d the effects 
of splashing Tinder conditions similar to those i n the 
col l e c t o r . 

The equipment (Fig. 14) consisted of a small aluminium 
plate surrounded "by an earthed guard r i n g a"bove which was 
fix e d a second plate the same size as the guard r i n g and 
having a narrow s l i t across; i t . A voltage could he applied 
across these plates and drops from an earthed water 
dropper allowed to f a l l through the s l i t onto the small plate. 
This plate was connected to the head u n i t of a TBE with which 
the charges could he measured. The whole was shielded to 
prevent stray charges heing induced onto the plate, especially 
hy the man-made fi h r e s of the experimenters' clothes. 

Por the f i r s t experiment drops were allowed to f a l l onto 
a v a r i e t y of surfaces, namely f i l t e r paper, water and aluminium 
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shee;t. I n the l a s t case i t was found necessary to dry the 
sheet a f t e r each drop had f a l l e n , since otherwise a large 
pool of water accumulated. This e f f e c t i v e l y transformed the 
aluminium i n t o a water surface. 

I t was found that using the f i l t e r paper and aluminium 
the p o t e n t i a l gradient did not appreciably effect the t o t a l 
charge carried to the pl a t e . I n these cases l i t t l e splashing 
occurred whereas when the water surface was used there was 
always splashing and a clear r e l a t i o n between potential 
gradient and charge was shown (Pig» 15). The 'zero' value 
of the charge was probably due to a charge on the o r i g i n a l 
drop. Attempts were made to check t h i s by allowing the 
drops to f a l l through an induction r i n g and measuring the induced 
charge as. the drop approached, but the equipment v/as not 
sensitive enough to measure i t s charge although i t could be 
seen that i t carried one. 

The results; appeared to be i n agreement with those of 
Adkins, (1959b), who found a direct r e l a t i o n between charge 
and p o t e n t i a l gradient. The low values f o r the aluminiiim 
plate probably r e f l e c t the low velocity of the drop, i t f e l l 
about 60 cms and did not splash greatly. Adkins had found 
that the drop needed to a t t a i n a 'threshold' velocity before 
any charging occurred. 
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The second part of the investigation was concerned with 
charging r e s u l t i n g from the splashing of drops when they 
struck the edge of the earthed shield. I n the collector 
i t s e l f the shield was made of aluminium, so i n order to 
reproduce the splashing as accurately as possible a sloping 
aluminium plate was fastened to the edge of the guard r i n g 
and projecting over the central plate. When a drop shattered 
on t h i s edge some of the droplets f e l l onto the plate and 
t h e i r charge was measured v/ith the "Vlffi. The charge reaching 
the plate was found to have an inverse r e l a t i o n to the potential 
gradient hetween the plates and the charges were considerably 
higher than those recorded i n the f i r s t experiment (Fig. 16.) 

An attempt was made to compare the charges observed i n 
t h i s experiment with the peaks on the records. The heights 
of the peaks on part of a record taken i n a f a i r l y steady 
pot e n t i a l gradient of about 200 v/m corresponded to a mean 
(Charge of about 5.6 yy^C. I n the laboratory experiments t h i s 
charge would have been produced i n a potential gradient of 
5000 v/m. There was no means of measuring the potential 
gradient inside the collector so a direct comparison could 
not be made, but assuming that the splashing did cause the 
charges the po t e n t i a l gradient at the edge of the inner cone 
would have had t h i s value. Now the exposure factor of the 
agrimeter was 17,5 so that the exposure factor of the conical 
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shield would have had to have been 25 to account for the 
differences i n the pote n t i a l gradients. The agrimeter was; 
f a i r l y low down beside the collector and would have been 
quite well shielded by i t , so that the exposure factor of 
the c o l l e c t o r as a whole would have been greater than 17,5, 
probably 50-100, This implied that the shielding of the 
colle c t o r reduced the p o t e n t i a l gradient at the conical 
shield to V4 of i t s value outside the collector. As Scrase 
(1938) gave the value of the po t e n t i a l gradient at the inner 
cone to be "̂ /̂ q of i t s value outside t h i s appeared a 
reasonable f i g u r e and suggested that the o r i g i n a l assumption 
was correct. 

Following t h i s tests were carried out on various materials 
that were readily available with a view to finding a suitable 
padding f o r the edges v/hich would prevent splashing. 

A piece of s p l i t rubber tube placed along the edge gave 
even larger charges than the aluminium alone. pelt clipped 
round the edge made l i t t l e difference, but a thick wad of 
tissue paper or about ^/^" of foam rubber caused a considerable 
reduction. I n the l a s t two cases the charge released by 
each drop increased as more drops were allowed to f a l l . 
This was probably due to the nature of the surface changing 

as the material became increasingly waterlogged, and after 
the f i r s t few drops had been absorbed with very l i t t l e 
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splashing the rest struck a surface consisting largely of 
water and splashed badly (Fig. 17). Padding of t h i s type; 
would have reduced the current due to splashing on the edge • 
3n l i g h t r a i n , but would have become waterlogged rapidly i n 
heavier r a i n and lo s t i t s effectiveness.. An ideal material 
v/ould have been one that was soft enough to prevent 
splashing and was also s u f f i c i e n t l y porous to provide good 
drainage i n order to avoid the accumulation of water on i t s 
surface. 

These experiments were conducted after the tower was 
blovm doAvn, so i t was impossible to make use of the findings. 
During the time when recordings were made neither collector 
had any padding oh the edge of i t s shield, When the traces 
on the photographic records tere measured allowance was made 
f o r splashing effects by ignoring the occasional exceptionally 
large deflections which were assumed to be caused by splashing 
on the shield. 
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Chapter V THE EXULTS 

Introduction 

As has been mentioned several times already i t was 
only possible to make recordings f o r a period of a few weeks. 
This consisted of the l a t t e r h a l f of May and most of June 1962. 
June was i n fac t an unusually dry month with only 6C9S of i t s 
normal r a i n f a l l . However recordings-, were made on eight 
days when r a i n f e l l and on f i v e of these some of the records 
were suitable f o r analysis. Of the remainder the ra i n w^s 
sometimes i n the form of showers which was; unsuitable or too 
much of the equipment was functioning -unsatisfactorily. 
Sometimes too,, r a i n appeared imminent but f a i l e d to materialise 
a f t e r recordings had been started. 

No standard of duration was l a i d down f o r determining 
whether the r a i n should be classed as continuous or not, but 
any r a i n that was steady i n character, rather than showery, 
and which camefrom a layer type of cloud was accepted. 

After t h i s selection only two long records and 
three short ones were l e f t . These covered a t o t a l of about 
15 hours of which the two long periods occupied 8 5 and 3|. 
I n view of t h i s i t appeared that i t might be preferable to 
analyse the records i n d i v i d u a l l y since i f they were a l l taken 
together the longer records would predominate so that the 
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mean would not be very representative of average conditions. 
I n addition any differences between the records would be 
masked. As the shorter records only covered a period of 
about three hours they were considered as a single record. 

The periods; f o r analysis were thus:. 
1. 19th May. This record lasted f o r 8^ hours (9.30 a.m. 
to 5*45 p.m.) and the r a i n was associated with a deep 
depression which was moving across the South of England, The 
r a i n was not exceptionally heavy averaging 0.015 mm/min and 
the p o t e n t i a l gradient was predominantly negative although at 
f i r s t there were some p'ositive excursions l a s t i n g f o r about 
20 minutes. I t was at t h i s time that some water got inside 
a plug i n the agrimeter producing a large z.ero deflection. 
Fortunately t h i s rapidly steadied and despite l a t e r disturbances 
apparently caused by the penetration of more water i t was 
possible to keep track of the zero by frequent use of the test 
plate. However the accuracy of the potential gradient 
recorded by the agrimeter f o r t h i s period must be regarded 
with some suspicion. During the l a t t e r part of the record, 
from about 2.30 p.m., the po t e n t i a l gradient rose to very 
high values so that point discharge must have taken place 
both from the tower and from nearby trees. This would have 
produced large quantities of space charge so that the 
conditions would have been altered. I n view of t h i s the 
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l a t t e r p a r t of the record was not used. Also about 4.30 p.m. 
the upper c o l l e c t o r sprang a leak rendering the current 
measurements useless. 

2. 15th June. This marked the passage of a warm f r o n t 
and r a i n l a s t e d from 2.30 p.m. t o 6.15 p.m. and was qui t e heavy, 
at one time averaging 0.1 mm/min f o r nearly an hour. The 
o v e r a l l mean r a t e of r a i n f a l l was 0,03 mm/min. This record also 
d i f f e r e d from the f i r s t i n t h a t the p o t e n t i a l gradient was 
p o s i t i v e except f o r short i n t e r v a l s again i n the early p a r t . 
I t was prohahly the most r e l i a b l e record as i t was the l a s t 
one taken when a l l the equipment was i n i t s "best c o n d i t i o n and 
most of the f a u l t s - t h a t had come t o l i g h t had been ronedied, 

3, The remainder of the s u i t a b l e records were a l l associated 
w i t h depressions. The meteorological conditions va r i e d 
and "both p o s i t i v e and negative p o t e n t i a l gradients were • 
observed. They were made on the 11th 17th, and 22hd of May 
and i n a l l l a s t e d f o r n e a r l y three hours. On the f i r s t two 
days the tower c o l l e c t o r ' s VRE was not working s a t i s f a c t o r i l y 
and on the 22nd i t also broke down halfway through the record. 
This meant t h a t only three; of the f o u r parameters could be 
compared w i t h the other records. 

The method of analysis was f a i r l y s t r a i g h t f o r w a r d . 
A f t e r the f i l m s had been developed zero l i n e s were drawn on 
them using both the zero p o s i t i o n s recorded and i n the case of 
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the m i l l the cusps corresponding t o a change of sign. As 
the record was being made notes: had been taken of the times 
of a l l s e n s i t i v i t y charges and these could now be located and 
c l e a r l y marked. This o f t e n proved t o be d i f f i c u l t i n 
the case of the co l l e c t o r s , on account of the r a p i d v a r i a t i o n s 
caused by the d i f f e r e n t charges on i n d i v i d u a l drops coupled 
w i t h the comparatively small c o l l e c t i n g area. The Value of 
each of the parameters was averaged, by eye over h a l f minute 
i n t e r v a l s and measured using special r u l e r s which had been 
c a l i b r a t e d from the instrument c a l i b r a t i o n curves. This 
enabled the values t o be read o f f d i r e c t l y thus avoiding much 
of the conversion which would have been neces'sary otherwise. 
The values obtained i n t h i s way were tabulated and the 
c o r r e c t i o n made t o the upper c o l l e c t o r reading f o r displacement 
and conduction curre n t s . Differences between the upper and 
lower currents and p o t e n t i a l gradients v;ere then found. 
Assuming t h a t the instrijments had been c a l i b r a t e d c o r r e c t l y 
these corresponded t o the charge gained by the r a i n i n f ^ a i l l i n g 
from the height of the tower t o the groiind and t o the space chaig( 
below the top of the tower. 

I n order t o see more c l e a r l y What had been happening , 
the parameters were p l o t t e d against time w i t h a l l the 
parameters on the same sheet o f paper so th a t any r e l a t i o n 
between them was more obvious. When any interdependence 



46 

"between two parameters was seen they were p l o t t e d again, 
against each other to form a sc a t t e r diagram. I t could then 
he decided i f the r e l a t i o n was close enough to j u s t i f y 
s t a t i s t i c a l a n a l y s i s . I n p r a c t i c e a l l the parameters appeared 
to he l i n e a r l y dependent upon each other, and the larg e 
numher of observations made the degree of s t a t i s t i c a l c o r r e l a t i o n 
h i g h l y s i g n i f i c a n t despite a very vdde s c a t t e r . 

The c a l c u l a t i o n of" the 'hest s t r a i g h t l i n e s ' through 
the s c a t t e r diagrams was considerably s i m p l i f i e d hy d i v i d i n g 
the diagram i n t o ahout 60 sguares and t r e a t i n g a l l the p o i n t s 
i n each square as i f they were a l l at i t s centre. 

I n i t i a l l y the 'best s t r a i g h t l i n e s ' were found by means 
of the usual regression formulae, but t h i s method i s not 
r e a l l y s a t i s f a c t o r y since i n d e r i v i n g i t the assumption i s made 
t h a t only one of the v a r i a b l e s i s subject t o e r r o r . This i s 
not o f t e n t r u e and i n the present work both had errors o f 
about the same magnitude, 

Morgan (1960) has shown t h a t the usual method can be 

extended t o the general case where there are errors on both 

v a r i a b l e s . The use of Morgan's method i s a l i t t l e more 

complicated than the standard one but i s much more accurate and 

considerable d i f f e r e n c e s were found i n some of the equations 

found by the two methods. I n the case of the r e l a t i o n of the 
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upper and lower currents the usual method gave I ^ = 0,047 I ^ , 
or i f the equation was foiind the other way about I = 0.24 I„ 
whereas Morgan's method gave I ^ = 0.36 T which seemed f a r 
more r e a l i s t i c . The d i f f e r e n c e between the two equations 
found u s i n g the usual method i s r a t h e r l a r g e although a 
d i f f e r e n c e i s always found since f o r each equation a d i f f e r e n t 
v a r i a b l e i s assiiraed t o be f r e e from e r r o r . 

One disadvantage of t h i s method i s t h a t a knov/ledge 
of the e r r o r s i n the v a r i a b l e s i s necessary and i t i s 
d i f f i c u l t to determine these accurately. Fortunately t h i s 
problem i s considerably s i m p l i f i e d i n some cases as only the 
r a t i o of the e r r o r s i s needed and when the v a r i a b l e s are 
measurements of s i m i l a r parameters, e.g. the two currents the 
e r r o r s are the same. 

The Results. 

I t was found convenient t o r e f e r t o the recorijs as 

'19' (19/5/62), ;i5» (15/6/62;) and ' i t ' (Miscellaneous) and 

t o use sjmibols f o r the parameters:: 

Upper p o t e n t i a l gradient (v/m) 
Lower p o t e n t i a l gradient (v/m) 

£ 5 
Upper Current (yyxA/m^) I , 
Lower Current (yu^A/m^) I 
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Di f f e r e n c e i n p o t e n t i a l g r a d i e n t s (v/m) SF = F̂ , -
o 

Di f f e r e n c e i n c u r r e n t s {jujn A/m ) SI = I g - I ^ 

Space charge ijjjuO) /> = f ^ S F 
I t was decided t o make /> the t o t a l space charge i n a metre 
square colimn the height of the tower instead of the mean spac® 
charge i n a cubic metre as there was no evidence t h a t i t was 
u n i f o r m l y d i s t r i b u t e d . 

From the r e s u l t s of e a r l i e r workers i t was e3cpected th a t 
negative space charge would be found and t h a t would be 
several times greater than 1^. The d i f f e r e n c e i n currents 
was found although on examining the records i t was seen t o 
be considerably l e s s than the s i x f o l d one found by Merry, 
and there was on average a f a c t o r of 3 or 4 between the two 
currents although the d i f f e r e n c e was more pronounced i n 
very high values. This r e l a t i o n d i d not always hold however. 
The currents' v/ere o f t e n of opposite sign, u s u a l l y j u s t before 
or a f t e r the p o t e n t i a l gradient changed sign and the d i f f e r e n c e 
appeared t o be r e l a t e d t o the m i r r o r image e f f e d t which was 
much more pronounced w i t h 1^ where there were n e g l i g i b l e 
time lags while w i t h 1^ they were o f t e n of several minutes. 
This suggested t h a t the r a i n ' s charge might be due i n p a r t t o 
the l o c a l p o t e n t i a l g r a dient. Since t h i s was g r e a t l y 
exaggerated on the tower i t s e f f e c t on I^j, would predominate 
over other i n f l u e n c e s . 
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When the graphs of the v a r i a t i o n s of the parameters 
w i t h time v/ere drawn i t was seen that F^ and followed 

each other but t h a t F^ was u s u a l l y less than Fg and both 
changed sign almost simultaneously. I n t h i s respect the 

'Kelv i n Chauveau' e f f e c t was never observed although one of 

the recordings was s t a r t e d at a time when F̂p was almost zero, 
Pg n e a r l y -150 v/m and both becoming more negative suggesting 

t h a t they had been of opposite sign a few minutes p r e v i o u s l y . 

The deduction from the 'Kelvin Chauveau' e f f e c t i s the 
presence of negative space .charge which would make F„ more 

u 
negative than F̂ p so t h a t SF would be negative, SF was 

found t o be u s u a l l y the same sign as the p o t e n t i a l gradient 

and t o increase w i t h i t . This dependence was very marked 

on '15' and when SF was p l o t t e d against F̂ , the scatter diagram 

was almost a s t r a i g h t l i n e w i t h an i n t e r c e p t on the Ft, axis 
D 

of about 50 v/m ( F i g , 20). The corresponding diagrams f o r 
•19' and 'M' d i d not show such good l i n e a r i t y but the 
r e l a t i o n was s t i l l obvious* 

The formulae r e l a t i n g Fg S F were of the form:: 
P„ = ai & P + b and t h i s could be converted r e a d i l y i n t o 
Pg = c + b s i n c e = SF. The values found f o r 'b' 
were q u i t e small ( F i g , 25)so at f i r s t s i g h t i t would appear 
t h a t the p o t e n t i a l gradient was almost e n t i r e l y c o n t r o l l e d 
by the space charge although there was also a small 'background' 
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pote n t i a l gradient 'b*. However before drav/ing any 
conclusions from the formulae i t i s worth while considering 

the r e l i a b i l i t y of the observations. 

The basic observations were those of P„ and Fm 
B T, and 

the v a l i d i t y of t a k i n g g F, ^B~^rp> as the d i f f e r e n c e 

i n the p o t e n t i a l gradient between an undisturbed l e v e l at the 

height of the tower and the ground depends on the accuracy of 

the c a l i b r a t i o n of the instruments and es p e c i a l l y of the 

comparison of them. So f a r as could be determined by the 

use of the t e s t p l a t e no changes of s e n s i t i v i t y occurred 

and any inaccuracies would have o r i g i n a t e d i n the i n i t i a l 

c a l i b r a t i o n s . 

A l l the instruments were f i r s t c a l i b r a t e d betv/een p l a t e s 

and the e r r o r s introduced i n t h i s would be q u i t e small. 

The instruments were then mounted i n t h e i r operating p o s i t i o n s 

and the outputs of the agrimeter on the tower and the m i l l 

at the bottom compared. The second m i l l was used i n an attempt 

t o f i n d the exposure f a c t o r s and any e r r o r i n t h i s would have 

caused a change of scale e f f e c t i n g both the other instruments 

to the same extent and so could be ignored. The comparison 

of the outputs i s more important. I t had t o be assumed t h a t 

at the time of the comparison the p o t e n t i a l gradient d i d not 

change w i t h h e i g h t . A day was chosen when no space charge 

was expected but i t was not p o s s i b l e t o prove i t s absence 
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so the p o t e n t i a l gradient may not have been uniform. 
I f the p o t e n t i a l gradient at the ground i s f and at an 

undisturbed place the same height as the tower f - s = F 
where s i s the change of p o t e n t i a l gradient produced by 
some space charge. Now i t i s assumed t h a t both instruments 
are measuring the same p o t e n t i a l gradients, i f allowance i s 
made f o r the exposure f a c t o r s , and so t h e i r outputs are 
both equated w i t h f . The absolute value of f i s found 
by the c a l i b r a t i n g m i l l . This means tha t F has been i n c o r r e c t l y 
estimated as f 

F ~ f - s - L-S/f 

The same e r r o r w i l l occur i n a l l l a t e r cases when the value 

of the p o t e n t i a l gradient at the height of the tower i s 

estimated from the agrimeter output. I f on one occasion 

the p o t e n t i a l gradient i s uniform w i t h height and has the 

value Fg i t i s estimated as F^ and = Fg (̂ .ĝ f)» I f S F 
i s the d i f f e r e n c e between Fg, and Frp then 

Fg ^ 
5F = Fg - Fy = Fg-.,-L_g/f = Fg JZY/^. 

This gives Fg = ^ F ( l - f / s ) which i s s i m i l a r t o the r e l a t i o n 

a c t u a l l y found, A more general case i s when there i s space 

charge present. I f t h i s , g i v e s r i s e t o a d i f f e r e n c e of 

p o t e n t i a l gradient X then the p o t e n t i a l gradient at the height 

of the tower i s Fg-X i f Fg i s i t s value at the ground, ^-q'^ 
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F -X 

i s now estimated as ^ • = 
1-s/f T 

Thus; SP = F^-F_, = P^ - ^B""^ % X 
^ ^ ^ l^ T i / f = 1-f/a + 1 - s / f 

so t h a t Pg, = SP ( 1 - f / s ) - X ( ) 

Here the space charge i s given by the i n t e r c e p t on the P_ 

axis and i s opposite i n sign t o i t . 
The values corresponding t o 1-f/s i n the regression 

1-f /s 
equations are about 2 so t h a t f / s f= -1 and ^ = 1. To 

give r i s e t o a slope of t h i s order s = - r and when the 

comparison was made f was; about + 200 v/m so th a t the space 

charge corresponding t o s would have been about -80j^^Q/m 

which i s not impossible but i s rather high f o r a day when 

l i t t l e or no space charge was expected. Also i f space charge 

was present when the comparison was made the in t e r c e p t s of the 

F _ / 6 F regression l i n e s must be taken as being the mean space 

charge. These are about 70 v/m which corresponds t o only 

about -30 yû C/m i f i t i s u n i f o r m l y d i s t r i b u t e d . Although 

i f i t were a l l conlalnedi w i t h i n the f i r s t metre of the atmosphere 

i t would amount t o 630 /̂ G/m which i s s i m i l a r to tha t found 

by Adkins (1959b), 

I t appears then t h a t the r e s u l t s f o r space charge are 

ambiguous and there does not seem t o be any way of choosing 

between the alfcernative i n t e r p r e t a t i o n s . I f the i n t e r c e p t 

represents the space charge i t i s u s u a l l y negative, the 
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negative i n t e r c e p t on '19' i s so small as to be not 
appreciably d i f f e r e n t from zero. This agrees w i t h the 
observations of K e l v i n and Chauveau but on the other hand 
$he value of the space charge i s very low. Also 
while p l o t t i n g the s c a t t e r diagrams i t was noticed t h a t the 
p o i n t s moved up and down l i n e s which had the same gradient 
but d i f f e r e n t i n t e r c e p t s and t h a t the sign d f the i n t e r c e p t 
o f t e n appeared t o f o l l o w t h a t of the p o t e n t i a l gradient so 
t h a t the space charge might only have been negative when the 
p o t e n t i a l gradient was p o s i t i v e . The evidence f o r t h i s i s 
i n c o n c l u s i v e however. 

The current measurements showed the inverse r e l a t i o n 
c l e a r l y ( F i g s , 21, 22) and regression equations were 
c a l c u l a t e d r e l a t i n g them t o the p o t e n t i a l gradients at the 
same place. These are shown i n Pig, 25 together w i t h the equat
ions found by Ramsay (1959) f o r the corresponding rates of 
r a i n f a l l . These show q u i t e good agreement when i t i s 
remembered t h a t the r a t e s of r a i n f a l l are means over long 
periods r a t h e r than the minute by minute values used by Ramsay 
and t h a t h i s l a t e r r e s u l t s gave slopes t h a t were sometimes 
even of the opposite sign. 

I f S F i s taken as a v a l i d measure of the space charge 
then i t appears t o be more fundamental than the p o t e n t i a l 
gradient so i t might be expected t h a t the currents would be 
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more c l o s e l y r e l a t e d t o i t . The regression equations 
r e l a t i n g I and SP d i d have much smaller i n t e r c e p t s than those, 
f o r I and P ( P i g , 23) "but when the c o r r e l a t i o n c o e f f i c i e n t s , 
"between I and P, and I and S P were compared there was; no 
s i g n i f i c a n t d i f f e r e n c e between them. 

Another r e l a t i o n s h i p w i t h &p was the d i f f e r e n c e "between 
the upper and lower c u r r e n t s . This showed very pronounced 
'ellipses;' i n d i c a t i n g t h a t when S I was large SP tended 
t o decrease and t o increase again i f S I "become small and 
es p e c i a l l y i f i t "became negative ( P i g , 24) . These ' e l l i p s e s ' 
are s i m i l a r t o those found "by Ramsay when i n v e s t i g a t i n g the 
m i r r o r image e f f e c t and since S I , Ig-Irp> i s l a r g e l y 
determined,' "by i t s greater component I ^ they may 
not h i n g more. A l t e r n a t i v e l y i f SP represents, the space 
charge and S I i s the charge gathered "by the r a i n while f a l l i n g 
through the height of the tower the r a i n can "be considered 
t o "be washing out the space charge, g i v i n g the; current 
d i f f e r e n c e and at the same time reducing SP. The pro"blem 
of a mechanism f o r the c o l l e c t i o n of charge now arises. 
C a l c u l a t i o n s "based on the i o n capture theory put forward "by 
Wilson (1929) and worked out i n d e t a i l hy Whipple and Chalmers 
(1944) showed t h a t t h i s process would give values of S I 
t h a t would have "been t o small t o measure. I f the space 
charge consisted of charged d r o p l e t s a coalescense process 
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might have operated, "but t h i s could not have given a 
s u f f i c i e n t l y l a r g e value f o r S I e i t h e r . 

I t might be possible t o exp l a i n the large value of 

Irj, as being a l o c a l i s e d e f f e c t caused by the exaggerated 

p o t e n t i a l g r a dient near the top of the tower, but occasionally 

there were pulses on the record of I ^ which were not 

du p l i c a t e d by I ^ and these were accompanied by an ' e l l i p s e 

e f f e c t associated w i t h not only P̂ , and P_, but also the p o t e n t i a l 

g r a d i e n t at some distances from the tov/er. Unless the 

' e l l i p s e ' e f f e c t i s f o r t u i t o u s here, and i t was observed 

on several occasions, t h i s suggests t h a t not a l l of I^j, can 

be a l o c a l e f f e c t and t h a t i n at l e a s t some cases, the r a i n 

looses charge between the top and bottom of the tov/er. 

Conclusions 

I n view of the d o u b t f u l meaning of the P^/S P equations 
i t i s impossible t o draw any f i r m conclusions about space 
charge except t o say th a t some does e x i s t and tha t i t may be 
r e l a t e d i n some way t o the p o t e n t i a l gradient. 

The r e l a t i o n between p r e c i p i t a t i o n current and p o t e n t i a l 
g r a d i e n t at the bottom of the tower i s s i m i l a r t o t h a t found 
by Ramsay and i n d i c a t e s t h a t the presence of the tower had no 
appreciable i n f l u e n c e at ground l e v e l . The d i f f e r e n c e between 
the currents at the tv/o l e v e l s does i n d i c a t e t h a t some 
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charging process does operate near the ground and even i f 
t h i s only produces an u n n a t u r a l l y l a r g e charge i n the 
exaggerated p o t e n t i a l gradient at the top of the tower i t 
probably operates on a smaller scale under n a t u r a l conditions. 

What t h i s work has shown most e f f e c t i v e l y i s the 
d i f f i c u l t y i nvolved i n determining the exposure f a c t o r of 
an instrument when i t i s a considerable distance from the 
standard one. When any f u r t h e r work i s done i n t h i s f i e l d 
s p e c i a l a t t e n t i o n must be paid to t h i s problem and e i t h e r 
a check made th a t there i s no space charge present when 
the c a l i b r a t i o n i s made or perhaps the exposure f a c t o r could 
be found by some other method, possibly by experiments on a 
scale model, 

A b e t t e r method of deali n g w i t h displacement currents 
i n the upper c o l l e c t o r should also be found arid steps taken 
t o e l i m i n a t e the e f f e c t s of splashing. I f the problem of 
exposure f a c t o r can be overcome the d i s t r i b u t i o n of the space 
charge could be determined by measuring the p o t e n t i a l gradient 
at i ntermediate l e v e l s or p r e f e r a b l y measuring i t d i r e c t l y . 
I t might be possible t o f i n d out more about the way i n v/hich 
the r a i n ' s charge i s a l t e r e d by measuring i n d i v i d u a l drop 

charges at the two l e v e l s , and i f the i n t e n s i f i c a t i o n of the 
p o t e n t i a l gradient could be changed by changing the geometry 
of the tower any charging dependent on the i n t e n s i f i c a t i o n 

could be distinguished.. 
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