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ELECTRICAL PROCESSES IN HEAVY RAIN IN THE TROPICS 
by Derek R. Lane-Smith 

ABSTRACT 

The t h e s i s i s based on r e s e a r c h c a r r i e d out i n S i e r r a 

Leone over a p e r iod of s e v e r a l y e a r s . An asymmetric f i e l d 

m i l l and a "wide-angle* s h i e l d e d r e c e i v e r have been 

developed f o r the measurement of e l e c t r i c f i e l d and 

p r e c i p i t a t i o n c u r r e n t i n t r o p i c a l thunderstorms. A d e t a i l e d 

f i e l d - m i l l theory i s presented which analyses the e f f e c t s of 

leakage c u r r e n t s , inadequate grounding, contact p o t e n t i a l s , 

conduction c u r r e n t , 'pick-up' of f l u c t u a t i n g e l e c t r i c f i e l d s 

and n o i s e i n the a m p l i f i e r . P r i n c i p l e s are deduced f o r the 

optimum design of a p r e c i s i o n f i e l d m i l l using e i t h e r a 

phase s e n s i t i v e detector or an asymmetric s i g n a l . 

Measurements of p r e c i p i t a t i o n c u r r e n t and i t s response 

to step changes i n the f i e l d show t h a t t u r b u l e n t d i f f u s i o n 

of s p l a s h d r o p l e t s probably c o n s t i t u t e s an important, even 

dominant, e l e c t r i c a l process i n heavy r a i n . The response of 

p r e c i p i t a t i o n c u r r e n t to a l i g h t n i n g f l a s h , averaged over 

many f l a s h e s , i s l a r g e and has a delay of a few seconds. 

From the a n a l y s i s of v a r i o u s models considered as a mechanism 

to e x p l a i n the r e s u l t s i t i s deduced t h a t charge c a r r i e d on 

s p l a s h d r o p l e t s i s being d i f f u s e d upwards by turbulence, 

transported by wind and i s i t s e l f p r e c i p i t a t i n g i n t o the 

r a i n r e c e i v e r . 
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An experiment was performed to measure the e l e c t r i c 

c u r r e n t due to evaporation. The r e s u l t s show t h a t the 

c u r r e n t due to evaporation i n the presence of an e l e c t r i c 

f i e l d i s much s m a l l e r than t h a t due to conduction i n a i r . 

The observation of a 'warm* thunderstorm cloud i s 

reported. A p r o j e c t was developed to make v i s u a l and 

e l e c t r i c a l measurements simultaneously on the same cloud. 

A time l a p s e f i l m of t r o p i c a l clouds, together w i t h some 

e l e c t r i c f i e l d measurements beneath them, are used to 

d i s c u s s the flow p a t t e r n a s s o c i a t e d with a t r o p i c a l thunder­

storm and the mechanism by which i t becomes charged. 

Appendices include an a n a l y s i s of the s h i e l d i n g e f f e c t 

of a v e r t i c a l rod a t ground p o t e n t i a l , the d e s c r i p t i o n of 

some f u r t h e r instrumentation, i n c l u d i n g a data p r o c e s s i n g 

system designed by the author which uses a novel but 

e f f e c t i v e method of d e t e c t i n g the occurrence of the peak 

of a s i g n a l , more d e t a i l e d mathematical d e r i v a t i o n s of 

equations used i n the main t e x t and a f i l m i n g schedule f o r 

the time-lapse photography. 
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CHAPTER I 

INTRODUCTION 

L i v i n g and working i n the t r o p i c s g i v e s one the 

opportunity to study a wide range of phenomena which do 

not occur i n temperate c l i m a t e s and which t h e r e f o r e are 

beyond the reach of the m a j o r i t y of i n t e r e s t e d s c i e n t i s t s . 

T h is unique opportunity helps to compensate f o r the spe­

c i a l d i f f i c u l t i e s which are a f e a t u r e of l i f e i n the 

t r o p i c s . 

Thunderstorms near Freetown have s e v e r a l s i g n i f i ­

cant d i f f e r e n c e s from t h e i r temperate r e l a t i v e s . The 

f r e e z i n g l e v e l i s u s u a l l y a t around 6 km, the cloud base 

i s often as low as 300m and the cloud top may range any­

where from 3 km to 20 km. Though they are often organ­

i z e d i n groups or l i n e s which sweep the whole country, 

they are a l s o f r e q u e n t l y seen as i s o l a t e d storm clouds 

both s m a l l ones and a l s o the big ones. The r a t i o of the 
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number of l i g h t n i n g s t r o k e s w i t h i n the cloud to the num­

ber s t r i k i n g the ground i s of the order 10. 

Many storms f e a t u r e i n t e n s e l o c a l i z e d r a i n f a l l 

with r a t e s sometimes exceeding f i v e inches per hour. 

Such heavy r a i n together with high e l e c t r i c f i e l d s pro­

vided the conditions f o r measurements described i n t h i s 

t h e s i s . 

The c l i m a t e of Freetown i s c h a r a c t e r i z e d by a 

dry season, November to A p r i l , and a wet season, June 

to September. The annual r a i n f a l l v a r i e s from around 

70 inches i n the K i s s y area on the e a s t s i d e of the 

mountains (see Figure 2.5a) to over 300 inches i n the 

Guma v a l l e y on the west. The meteorological s t a t i o n a t 

K o r t r i g h t i n Fourah Bay College (see F i g u r e 2.5b) has 

an annual r a i n f a l l of about 140 i n c h e s . During the dry 

season the a i r i s laden with f i n e dust, p o s s i b l y from 

the Sahara d e s e r t , which sometimes reduces v i s i b i l i t y 

to l e s s than one m i l e . The dust may c a r r y a negative 

charge ( H a r r i s , 1967). At the changeover of the seasons, 

thunderstorms sweep across the country washing out the 

f i n e dust so t h a t , a f t e r a night of storms, the v i s i ­

b i l i t y the following morning may extend n e a r l y 100 m i l e s , 

bringing i n t o view the Futa D j a l l o n mountains i n Guinea. 
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I t i s not known whether the dust p l a y s any p a r t i n the 

development or the e l e c t r i f i c a t i o n of the thunderstorms. 

Measurements on t r o p i c a l thunderstorm p r e c i p i t a ­

t i o n have been made by Sivaramakrishnan (1961, 1965 

and 1967). The 1961 paper i s concerned with the o r i g i n 

of e l e c t r i c charge c a r r i e d by thunderstorm r a i n i n the 

t r o p i c s . I n heavy r a i n f a l l he f i n d s the r a i n c u r r e n t 

d e n s i t y sometimes g r e a t e r than the p o i n t discharge cur ­

r e n t d e n s i t y and a l s o t h a t , according to the Whipple-

Chalmers (1944) process the r a i n drops were p o s i t i v e l y 

charged r i g h t from the cloud. He r e j e c t s any e l e c t r i c a l 

e f f e c t s due to s p l a s h i n g . The work of t h i s t h e s i s 

sheds new l i g h t on the problems r a i s e d by those r e s u l t s . 

The high f r e e z i n g l e v e l r a i s e s the p o s s i b i l i t y of 

warm thunderstorms. S e v e r a l of these have been observed 

and reported and t h e i r s i g n i f i c a n c e d i s c u s s e d . The author's 

observation of a warm storm over Pepel (see F i g u r e 6.1a) 

i n i t i a t e d the Pepel p r o j e c t d e s c r i b e d i n Chapter V I . 

An unexplained zero d r i f t i n the r a i n r e c e i v e r 

caused an i n v e s t i g a t i o n of e l e c t r i f i c a t i o n by evapora­

t i o n . T h i s suggestion has been r a i s e d from time to time, 

s t a r t i n g with V o l t a (1782), see Chalmers (1967). Most 

r e p o r t s , as t h a t s t a t e d here, show no e l e c t r i f i c a t i o n 
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by evaporation or t h a t i t i s s m a l l compared w i t h con­

duction c u r r e n t s under the conditions of the e x p e r i ­

ment. 

A considerable amount of time and e f f o r t a t 

Fourah Bay College was spent preparing to make measure­

ments which were, i n f a c t , never made. Measurements on 

i n d i v i d u a l drops with a high speed data p r o c e s s i n g sy­

stem were planned. A re p o r t i s included i n Appendix B. 



CHAPTER I I 

INSTRUMENTATION 

2.0 Instruments were developed to measure e l e c t r i c 

f i e l d , p r e c i p i t a t i o n c u r r e n t and r a t e of r a i n f a l l . A 

new p r i n c i p l e of operation was ap p l i e d to the measurement 

of e l e c t r i c f i e l d and a d e t a i l e d a n a l y s i s of f i e l d m i l l 

design i s presented. 

Other instruments designed but not used to ob­

t a i n the r e s u l t s considered i n chapters I I I and IV 

are described i n Appendix B. 

2.1 Rate of R a i n f a l l 

A ' C a s e l l a ' t i p p i n g bucket r a i n gauge was modi­

f i e d to give a d i r e c t recording of r a t e of r a i n f a l l on 

the potentiometric r e c o r d e r . 

Each f l i p of the bucket caused a momentary con­

t a c t to be made i n a mercury switch mounted on the arm 

supporting the bucket. A diode pump c i r c u i t , f i g u r e 

5 



2.1a, charged two c a p a c i t o r s which discharged through 

a diode network designed to give l o g a r i t h m i c response. 

At low r a i n f a l l each f l i p of the bucket was c l e a r ­

l y r e s o l v e d as a separate event on the c h a r t . Very 

high r a t e s of r a i n f a l l , of the order 6" per hour or 4 

x 10"^m s e c ~ l , gave a l a r g e and n e a r l y constant de­

f l e c t i o n . 
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The r a i n gauge was c a l i b r a t e d by allowing a 

burette to discharge slowly i n t o the gauge and count­

ing the number of f l i p s of the bucket. Each f l i p was 

found to correspond to 0.02 + 0.001 inches or 5.1 ± 

0.5 x 10~^m of r a i n . 

The c h a r t record was c a l i b r a t e d f o r high r a t e s of 

r a i n f a l l by t i p p i n g the bucket a t v a r i o u s steady and 

measured r a t e s . A c a l i b r a t i o n graph of peak d i s p l a c e ­

ment a g a i n s t r a t e of f a l l was p l o t t e d , f i g u r e 2.1b. 

C a l i b r a t i o n f o r lower r a t e s of f a l l was not r e q u i r e d be­

cause each t i p of the bucket could be r e s o l v e d . 

2.2 P r e c i p i t a t i o n Current 

The c u r r e n t from the s u r f a c e of the e a r t h down­

wards c o n s i s t s of displacement c u r r e n t p r o p o r t i o n a l to 

the r a t e of change of e l e c t r i c f i e l d , the p r e c i p i t a t i o n 

c u r r e n t brought to the s u r f a c e on hydrometears which have 

f a l l e n from a cloud, a s p l a s h i n g c u r r e n t being a 

p o s s i b l e net flow of charge due to the emission of 

charged d r o p l e t s from the ground and a conduction cur ­

r e n t due to the flow of ions to or from the s u r f a c e and 

which w i l l be taken to i n c l u d e point discharge c u r r e n t . 

The parameter of i n t e r e s t was the charge on the 

r a i n r a t h e r than the net a i r - e a r t h c u r r e n t and i t was 
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decided, t h e r e f o r e , to t r y to measure t h i s one para­

meter alone r a t h e r than to measure the combined e f f e c t 

and to measure and c o r r e c t f o r the e f f e c t of the other 

parameters. Both methods are fraught with d i f f i c u l t i e s 

and there i s some u n c e r t a i n t y i n i n t e r p r e t i n g the r e ­

s u l t s . 

A r a i n r e c e i v e r (see F i g u r e s 2.2a and 2.2b) was 

b u i l t to r e c e i v e r a i n over a wide angle and which would 

be screened, as f a r as p o s s i b l e , from the e f f e c t s of 

changing f i e l d , s p l a s h i n g and conduction c u r r e n t s . 

The r e c e i v e r was able to r e c e i v e d r i v e n r a i n a t 

angles up to 70° to the v e r t i c a l . The s h i e l d i n g was 

s u f f i c i e n t to make displacement c u r r e n t s n e g l i g i b l e ex­

cept during a l i g h t n i n g f l a s h and conduction c u r r e n t s 

n e g l i g i b l e a t a l l times. 

The aperture was 0.127 m diameter and was s u r ­

rounded by wire mosquito n e t t i n g from the l i p to a d i s ­

tance of 0.6 m. The s e p a r a t i o n between the n e t t i n g and 

the l i d was not l e s s than kcm a t 2cm from the l i p and 

in c r e a s e d beyond t h a t . Three wire rods, gauge 12 cop­

per, 0.38 m high were f i x e d to the n e t t i n g symmetrically 

round the aperture and 0.25 m from the l i p . Three more 

rods, 1.2 m high, were placed symmetrically 1.2 m from 
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the l i p between the 38 cm rods. 

The mosquito n e t t i n g considerably reduced the 

s p l a s h i n g outside the r e c e i v e r and the rods reduced 

the f i e l d a t the l i p of the r e c e i v e r so t h a t s p l a s h i n g 

there took pl a c e under low f i e l d c o n d i t i o n s and the 

r e s u l t a n t change s e p a r a t i o n was s m a l l . 

At high f i e l d s , no doubt, the rods emitted point 

discharge c u r r e n t but t h i s only served to improve the 

screening of the r e c e i v e r . 

The r e c e i v e r stood on polystyrene i n s u l a t o r s 

which were kept warm by r e s i s t o r s c a r r y i n g c u r r e n t be­

hind a grounded sc r e e n . The output was fed to an Ekco 

type N616B v i b r a t i n g reed electrometer. 

The instrument was c a l i b r a t e d monthly during the 

r a i n y season. The i n s u l a t o r s had to be cleaned about 

once every s i x months and u n t i l the V.R.E. became i n ­

ope r a t i v e around August 1966 ( i t s t a r t e d to d e p o s i t 

change on the input c i r c u i t ) the instrument gave ex­

c e l l e n t s e r v i c e . 

2.21 Experiment to i n v e s t i g a t e the e f f e c t i v e n e s s of 

wire n e t t i n g , with mesh about 8 w i r e s to the cm, i n r e ­

ducing the e f f e c t of the s p l a s h i n g (Blanchard, 1949). 
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T h r e e - m i l l i m e t r e drops of nominally zero change 

were dropped 1.8 m onto a grounded metal s u r f a c e under 

v a r i o u s f i e l d c o n d i t i o n s . About one t h i r d of the r e ­

s u l t i n g d r o p l e t s were caught on an i n s u l a t e d r e c e i v e r 

connected to a V.R.E. 

Netting was p o s i t i o n e d beneath the dropper 0.5 cm 

above the ground plane and the measurements repeated. 

The r e s u l t s , f i g u r e 2.21b, showed t h a t i n the 

c o n f i g u r a t i o n , the n e t t i n g reduced the s p l a s h i n g e f f e c t 

by a f a c t o r of about four. I t seems the n e t t i n g a c t s 

i n two ways. The drop does not s p l a s h on the wire but 

passes s t r a i g h t through and i s s h a t t e r e d i n the process. 

The r e s u l t i n g s m a l l e r drops, l e s s than 1 mm diameter, 

are l e s s e f f e c t i v e i n s p l a s h i n g on the s u r f a c e below, 

so fewer d r o p l e t s are produced. Secondly, the s p l a s h ­

ing t h a t does occur below the n e t t i n g takes p l a c e under 

zero f i e l d c o n d i t i o n s so t h a t the d r o p l e t s c a r r y very 

l i t t l e charge (Lenard, 1892). 

The e f f e c t of s p l a s h i n g i n t o the r a i n r e c e i v e r 

would be a "mirror image" e f f e c t (Simpson, 1949), with 

a time delay of l e s s than one second. That t h i s was 

not observed i n d i c a t e d t h a t any s p l a s h i n g e f f e c t r e ­

maining was s m a l l . 
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2.22 The E f f e c t of the Ground Rods 

The t o t a l e f f e c t of the rods was to reduce the 

f i e l d a t the l i p of the aperture by l e s s than 10% i n 

f i n e weather, see Appendix A. Away from the aperture 

the s h i e l d was more complete. 

The p r o b a b i l i t y t h a t a drop would h i t the top 

l/10 t h of a rod i n s t e a d of f a l l i n g i n t o the r e c e i v e r 

was about 0.1%. The p r o b a b i l i t y t h a t the d r o p l e t s 

from such an impact would subsequently f a l l i n t o the 

r e c e i v e r , assuming equal p r o b a b i l i t y over an area of 

rad i u s two f e e t , was about 1%. Both e f f e c t s were a s ­

sumed n e g l i g i b l e . I f the l a t t e r were s i g n i f i c a n t , a 

s i m i l a r m i r r o r image e f f e c t to t h a t due to s p l a s h i n g 

would have been evid e n t . 

2»23 C a l i b r a t i o n of the Electometer 

The Ekco was used i n the voltage mode. That i s , 

the p o t e n t i a l d i f f e r e n c e across a s e l e c t e d input r e ­

s i s t a n c e , c a r r y i n g the unknown c u r r e n t , was measured 

d i r e c t l y . I t was necessary t h e r e f o r e to v e r i f y the 

accuracy of the voltage ranges and of the s e l e c t e d 

r e s i s t o r s . 

The p o t e n t i a l d i f f e r e n c e a c r o s s the te r m i n a l s of 

a standard Mallory c e l l was measured and the reading 
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was always equal to the known EiM.F. of the c e l l to w i t h ­

i n 2%. 

The input r e s i s t o r s , 10 8, 1 0 1 0 and 1 0 1 2 ohm, were 

measured by d i s c h a r g i n g a c a p a c i t o r . The s p e c i a l q u a l ­

i t y p o lystyrene c a p a c i t o r of 0.5133 MF had a discharge 

time constant i n dry a i r of s e v e r a l days. Values f o r 

the h a l f l i f e of the charge on the c a p a c i t o r were 41.6 

+ 2 seconds ac r o s s the 10 8, 5 9 + 2 minutes across the 

1 0 1 0 and more than a day across the 1 0 1 2 . The c o r r e s ­

ponding values f o r the r e s i s t o r s are 1.15 + .05 x 10 8fi, 

0.98 + .04 x 1 0 1 0 n and of the order 1 0 1 2 f i . 

The 15% e r r o r i n the 10 8ftwas not considered i n the 

c a l c u l a t i o n of p r e c i p i t a t i o n c u r r e n t because other un­

c e r t a i n t i e s probably introduced g r e a t e r e r r o r s and be­

cause i t i s merely a s c a l i n g f a c t o r . 

The e x i s t e n c e of a s p i d e r ' s web or other d e t e r ­

i o r a t i o n i n the i n s u l a t i o n of the r e c e i v e r was f i r s t 

manifested by a d r i f t i n the zero. The leakage com­

p l e t e d a c i r c u i t around which t h e r m o e l e c t r i c f o r c e s 

were able to d r i v e a c u r r e n t causing the zero d r i f t . 

2.3 E l e c t r i c F i e l d 

2.30 The design of a f i e l d m i l l and i t s a s s o c i a t e d 
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e l e c t r o n i c s was developed over a period of three or 
four y e a r s . 

The u s e f u l measurements a t K o r t r i g h t , Fourah Bay 

Col l e g e , made p r i o r to August 1966 were made wi t h a 

f i e l d m i l l , to be c a l l e d type A, which used a phase 

s e n s i t i v e d e t e c t o r f o r sensing the s i g n . A f t e r t h i s 

date, a m i l l , to be c a l l e d type B, was i n s t a l l e d which 

generated an asymmetric wave form f o r s i g n d i s c r i m i n a ­

t i o n (Lane-Smith, 1967). I n a d d i t i o n , a f i e l d m i l l of 

type B was s e t up a t Pepel and gave s i x months continu­

ous s e r v i c e . 

2.31 Some of the design f a c t o r s f o r a f i e l d m i l l sy­

stem are f i r s t d i s c u s s e d before a d e s c r i p t i o n i s given 

of the a c t u a l instruments used. 

The f i e l d m i l l (Harnwell and van Voorhis, 1933; 

Lane-Smith, 1967) i s used to measure an e l e c t r i c f i e l d . 

Spurious s i g n a l s may a r i s e i n the f i e l d m i l l system due 

e i t h e r to a p o t e n t i a l d i f f e r e n c e between the r o t o r , or 

screen , and the s t a t o r of the f i e l d m i l l , pick-up on the 

s t a t o r and the lead to the a m p l i f i e r , or noise i n the 

a m p l i f i e r . 

The f a c t o r s which may be v a r i e d i n the design of 

a f i e l d m i l l i n c l u d e the area of s t a t o r exposed, the 
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r o t o r r o t a t i o n r a t e and s i g n a l frequency, the input im­

pedance of the a m p l i f i e r , and the d e t e c t i o n system used. 

These f a c t o r s and t h e i r e f f e c t on the s i g n a l - t o - n o i s e 

r a t i o are considered. 

2.32 Sources of Spurious S i g n a l s and Noise 

Consider a f i e l d m i l l , f i g u r e 2.32a, which a l t e r ­

n a t e l y exposes and screens an area A of an i n s u l a t e d 

p l a t e . L e t the r o t o r run between the i n s u l a t e d s t a t o r 

and a ground s h i e l d . L e t both the r o t o r and the s h i e l d 

have n i d e n t i c a l equi-spaced s e c t o r s removed and l e t 

the s e p a r a t i o n between the s h i e l d and the s t a t o r be d. 

The a m p l i f i e r input, i n e f f e c t , c o n s i s t s of a r e s i s t a n c e 

R i n p a r a l l e l with a capacitance C. 

2.32 ( i ) 

C a l c u l a t i o n of the s i g n a l due to a p o t e n t i a l d i f ­

ference between the s t a t o r and the r o t o r or s h i e l d . 

T h i s p o t e n t i a l d i f f e r e n c e may be caused by the 

combined e f f e c t of s t a t i c charge on the i n s u l a t o r s , 

leakage onto the s t a t o r from a supply p o t e n t i a l i n the 

a m p l i f i e r , poor grounding of the r o t o r , contact poten­

t i a l d i f f e r e n c e between the s t a t o r and s h i e l d and a i r 

conduction c u r r e n t onto the s t a t o r . 
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The e f f e c t of a p o t e n t i a l d i f f e r e n c e V between 

the s h i e l d and the s t a t o r i s i d e n t i c a l to t h a t pro­

duced by a f i e l d of V/d. I f e r r o r s are r e q u i r e d to be 

l e s s than 0.1 v o l t per metre and d i s of the order 10"2m 

V should be l e s s than 1 raV. 

I f the s t a t o r i s i s o l a t e d from the a m p l i f i e r by 

a good q u a l i t y c a p a c i t o r , leakage c u r r e n t onto the 

s t a t o r i s not l i k e l y to exceed 1 0 " 1 2 amperes i n which 

case the r e s i s t a n c e to ground of the s t a t o r should not 

be g r e a t e r than 10 9 ohm. R w i l l be t h i s r e s i s t a n c e i n 

p a r a l l e l w ith the input r e s i s t a n c e of the a m p l i f i e r . 

I f the leakage c u r r e n t onto the r o t o r from the 

motor supply i s of the order 1 mA, the r e s i s t a n c e to 

ground of the r o t o r should be l e s s than 1 ohm. The 

brushes may be allowed to jump o f f the r o t o r f o r a time 

not exceeding 6T where 

(1) 
I6T/C' = 6V 

where I = Leakage c u r r e n t onto r o t o r 

c' = Capacitance of the r o t o r 
6 v = Allowed p o t e n t i a l change of the 

r o t o r 
i f I 10" 3 Amp 10" 6 Amp 

c' = 10 pF 100 pF 



6V = 10 raV 0.1 V 

then fiT = 1 0 " 1 0 sees 10" 5 sees 

T h i s condition which appears very s t r i n g e n t may 

be r e l a x e d i f the a m p l i f i e r or det e c t o r do not respond 

to' high frequency s p i k e s . 

I f the s h i e l d , r o t o r and s t a t o r are a l l made of 

s t a i n l e s s s t e e l , contact p o t e n t i a l s would probably r e ­

main w e l l below 1 mV. 

The c u r r e n t , I2, being supplied to the s t a t o r by 

conduction i n the a i r i s given by 

(2) 

I 2 = KEa 

where K = Con d u c t i v i t y of a i r 

E = E l e c t r i c f i e l d 

a = Area of p l a t e exposed 

I f a = 2tA/T (o<t<T/2) and a = 2A(1 - t/T)(T/2<t<T) 

where A i s the t o t a l p l a t e area exposed and T i s the 

p e r i o d i c time of the s i g n a l , the e f f e c t of I 2 can be 

approximated to a combination of -- a) a c u r r e n t 90° out 

of phase with the f i e l d s i g n a l and of amplitude KEA/2 

together w i t h , — b) a s i g n a l due to an ap p l i e d poten­

t i a l on the s t a t o r of KEAR/2. 

The r a t i o y of the s i g n a l to the spurious s i g n a l 
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due to I 2 i s given by (see Appendix C) 

Y(a) = 2e Q/KT = 10 s approx. 

where e = P e r m i t t i v i t y of f r e e space (lO** 1 1 

0 F m"1) 

K = c o n d u c t i v i t y of a i r ( 1 0 ~ 1 3 ohm~lm-1 

T = S i g n a l p e r i o d = 10" 3 sees 

and y[b) = 2d/KAR = 10 3 a t l e a s t . 

Even i f y (b) were s i g n i f i c a n t , changes i n s e n s i t i v i t y 

due to changes i n K would s t i l l be n e g l i g i b l e . 

2.32 ( i i ) 

Pick-up on the s t a t o r and s i g n a l lead. 

I f e a r t h loops are avoided, pick-up i n the input 

lead i s due to f l u c t u a t i n g e l e c t r i c f i e l d s , mainly a t 

the supply frequency, which introduce c u r r e n t a t the in­

put p r o p o r t i o n a l to de/dt. L e t the charge, q, i n t r o ­

duced by given by 

q = He coswt 

where e coswt i s the f i e l d a t time t , 

and H i s a constant. 

The response of the a m p l i f i e r depends on the r e ­

l a t i o n s h i p between RC and ui (Lane-Smith, 1967). I f RC 

i s much l a r g e r than the p e r i o d i c time of both the f i e l d 

s i g n a l and the hum pick-up, the s i g n a l - t o - n o i s e r a t i o , y 
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i s given by (see Appendix C) 
(c) = e DEA/He 

I f the s i g n a l frequency i s much higher than the 

hum frequency and 1/RC l i e s between, then 

so the s m a l l e r the value of RC, the b e t t e r the s i g n a l -

to-noise r a t i o . 

A notch f i l t e r a t supply frequency or a high 

pass f i l t e r would f u r t h e r improve the hum r e j e c t i o n . 

2.32 ( i i i ) 

A m p l i f i e r n o i s e . 

I f the f i r s t stage of the a m p l i f i e r i s a s i l i c o n 

p l anar F i e l d - E f f e c t t r a n s i s t o r ( F . E . T . ) , the two main 

sources of noise w i l l be Johnson noise i n the gate leak 

r e s i s t o r and the e q u i v a l e n t of shot noise i n the channel 

c u r r e n t . 

The Johnson noise can be considered as an EvM.F.. 

e^r i n s e r i e s w ith the gate leak r e s i s t o r , R , then 

* e EA/HewCR 

(3) 
4kT B R 

g 
Boltzmann's constant where k 

T Absolute temperature 

B Power bandwidth 
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T h i s E.M.F. i s decoupled by the input c a p a c i ­
tance and the voltage a p p l i e d to the gate of the F.E.T., 
&2» i s given by 

(4) 
IP" = / (i + u , 2 c

2 R 2 ) 

I f the s i g n a l and most of the noise i s a t a f r e ­

quency high compared with 1/RC, the s i g n a l - t o - n o i s e 

r a t i o , Y (cl) becomes (see Appendix C) 
(5) 

Y(d) = e 0 EA f /R~ / /k"TB 

where f = the s i g n a l frequency. 

A l l other things being constant, v a r i e s as 

/R. For t y p i c a l v a l u e s and with a bandwidth of 10 3 Hz, 

y(d)=/R. 

The F.E.T. shot noise can be expressed i n terms 

of a noise c h a r a c t e r i z a t i o n r e s i s t a n c e , R n, such t h a t 

the noise i s e q u i v a l e n t to t h a t produced by a f l u c t u a t ­

ing p o t e n t i a l d i f f e r e n c e between the gate and source, 

6 3 , given by 

(6) 

e 3 2 = R n 4kT B 

Rj^ v a r i e s with frequency and with channel c u r r e n t 

but a t y p i c a l v a l u e would be of the order 10 7 ohm ( B l a -

s e r and MacDougall, 1964). T h i s noise i s not decoupled 
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by the input c a p a c i t a n c e , so the s i g n a l - t o - n o i s e r a t i o 

becomes ( f o r R C much bigger than the s i g n a l period) 

(7) 

Y(e) = e Q E A / /4kT B R N C 

For a given s i g n a l frequency, the range of accept­

able input time constant, P ( = R C ) , i s l i m i t e d and may 

be considered here as an i n v a r i a n t . P / R may be sub­

s t i t u t e d f o r C i n equation (7) g i v i n g 
, . E q E A R Y (e) = —_ 

/4kTBR N.P 

I f the f o l l o w i n g v a l u e s are s u b s t i t u t e d i n equation ( 8 ) , 

(8) 

E = 1 V m - 1 

A = 10~ 2m 2 

T = 300°K 

B = 10 3 Hz 

P = 10" 2 sees 

then y(e) = 1 0 " 6 R 

M i l l e r feedback over the f i r s t stages can be used 

to s t a b i l i z e the charge s e n s i t i v i t y of the pre-ampli-

f i e r but i t does not change the s i g n a l - t o - n o i s e r a t i o . 

2.33 Design V a r i a b l e s 

The two most important sources of spurious s i g n a l 

are pick-up and shot noise i n the f i r s t a m p l i f i e r stage. 



21 

The s i g n a l - t o - n o i s e r a t i o f o r the hum pick-up i s propor­

t i o n a l to 1/P, where P i s the p e r i o d i c time of the s i g ­

n a l or the time constant, RC, whichever i s the g r e a t e r . 

The s i g n a l - t o - n o i s e r a t i o f o r the shot noise i s pro­

p o r t i o n a l to AR / P/B. For be s t performance, P should 

be as small as p o s s i b l e and AR / /B as larg e as p o s s i b l e . 

The maximum s i g n a l frequency i s l i m i t e d , mech­

a n i c a l l y , to the order 10 3 Hz, RC t h e r e f o r e i s l i m i t e d 

to around 10" 2 s e e s . A w i l l be l i m i t e d by the permitted 

moment of i n e r t i a of the r o t o r , 10" 2m 2 may w e l l be d i f ­

f i c u l t to exceed. R i s l i m i t e d by leakage c u r r e n t s 

and by the e l e c t r o n i c s to a value around 10 8 ohms. B 

i s determined by the system used and the response time 

re q u i r e d ; the minimum value would be about 10 Hz. 

Using the b e s t f i g u r e s , f o r a f i e l d of 1 Vm"1, 

a s i g n a l - t o - n o i s e r a t i o of over 10 2 appears q u i t e f e a ­

s i b l e . 

2.34 Choice of System 

Three b a s i c systems a v a i l a b l e are — a) a simple 

r e c t i f i c a t i o n of the s i g n a l with an a p p l i e d f i e l d to 

o f f s e t the zero f o r s i g n d i s c r i m i n a t i o n , — b) a phase 

s e n s i t i v e d e t e c t o r , or — c) an asymmetric s i g n a l c a r r y ­

ing information on both magnitude and s i g n of f i e l d 
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(Lane-Smith, 1967) . 

2.34a 

O f f s e t Zero. 

Among the disadvantages of system (a) are — i ) i t 

accepts the f u l l bandwidth of noise and, — i i ) changing 

the range i n v o l v e s s e t t i n g up a new zero displacement. 

T h i s system w i l l not be d i s c u s s e d f u r t h e r . 

2.34b 

Phase S e n s i t i v e Detector. 

The output, V, of the normal type of phase s e n s i ­

t i v e d e t e c t o r (see, f o r example, Chaplin and Owens, 

1957) as shown i n f i g u r e 2.34a f o r s i g n a l p e r i od T and 

a response time nT may be approximated to 

n pT 

. ( e t " e ( E - i 5 ) T ) * d t 

% ) T p=i 

The v a r i a t i o n of output with phase makes t h i s de­

t e c t o r u n s u i t a b l e f o r the present a p p l i c a t i o n . I f e t = 

e Q s i n { l i t } and i f Vo i s the output when the chopping 
T 

s i g n a l i s i n phase with the f i e l d s i g n a l , then the out-

Ik V 
nT P 



Signal 

Phase 

FIGURE 2.34A PHASE-SENSITIVE DETECTOR, TYPE I 
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put with a d i f f e r e n t i a l phase change of 5 becomes ( i f 6 

i s small) (see Appendix C ) , 

which means t h a t a 1% or 3.6° change i n phase produces 

a 10% change i n the output. S i m i l a r l y , v a r i a t i o n s 

i n the mark-to-space r a t i o cause s i g n i f i c a n t changes 

i n the output, though these can be reduced by a form of 

negative feedback (Lane-Smith, 1965). 

I t i s d i f f i c u l t to s e t up a phase r e f e r e n c e s i g ­

n a l whose phase i s accurate or s t a b l e to w i t h i n 1%. A 

s l i g h t o f f s e t of the r o t o r or a sm a l l d i f f e r e n t i a l 

phase change i n the a m p l i f i e r s may introduce e r r o r s of 

t h i s magnitude and so make t h i s type of d e t e c t o r un­

acceptable. 

The output, V, of a diode bridge type of phase 

s e n s i t i v e d e t e c t o r (see, f o r example, Beneteau and 

Ri v a , 1963 or Moody, 1956) as shown i n F i g u r e 2.34b f o r 

s i g n a l period T and a response time nT may be approxi­

mated to 

V = Vo (1 - 1 s i n 5) 

n pT 

V If dt 
nT 

(P-^)T 



Signal —VW^ 

nnnr 
Phase 

1^ i s a v o l t a g e l i m i t e d s q u a r e wave c u r r e n t d r i v e 

s u c h t h a t I 2 >> ^ - where e" i s the peak v a l u e o f t h e s i g n a l v o l t a g e 

C 1 R 1 > 5" T w h e r e T i s t h e s i g n a l p e r i o d 

C,R, >> T R, >> R. and £ . ._ >> Diode r e v e r s e c u r r e n t i £ 1 min/Rj 

A f u l l d i o d e b r i d g e c o u l d be u s e d i n s t e a d of t h e c e n t r e t a p on t h e 

t r a n s f o r m e r . 

FIGURE 2 . 3 4 B A DIODE BRIDGE PHASE-SENSITIVE DETECTOR 



The output with a small phase d i f f e r e n t i a l 6 now 

becomes (see Appendix C ) , 

V = Vo (1 - | s i n 6 ) 

which means t h a t a 1% or 3.6° change i n phase produces 

only a 0.2% change i n the output. 

I n a d d i t i o n , the diode bridge d e t e c t o r responds 

l e s s to subharmonics of the s i g n a l frequency. 

I f the detector response time tends to i n f i n i t y 

and the phase s i g n a l has a mark-to-space r a t i o of 1, 

then the output of the diode bridge d e t e c t o r to s i g n a l s 

of a l l frequencies i s given by 

V = Mh V f + £§V5f + ) 
3 5 

where Vf = |ef| i s the mean of the modulus of 

the s i g n a l a t frequency f 

f = fundamental frequency of phase 

switching 

h^, I 1 3 , I15 ... are f a c t o r s , l y i n g between -TT/2 

and +ir/2, whose value depends on the r e l a t i v e 

phase of the switching and the s i g n a l s a t f r e ­

quencies f , 3f, 5f, 

With a f i n i t e response time, nT, the frequency 
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response i s a f o u r i e r transform of the response time 

about each of the 'resonant* f r e q u e n c i e s . T h i s approx­

imates to a bandpass of ± Sf e i t h e r s i d e of f , 3f, 5f, 

... where 5f = provided 6f i s s m a l l e r than the low­

e s t frequency passed by the a m p l i f i e r . 

Thus i f a low pass f i l t e r i s i n s e r t e d between f 

and 3f, the phase s e n s i t i v e d e t e c t o r responds only to 

noise a t frequency f and bandwidth 2 6f. T h i s improves 

the s i g n a l - t o - n o i s e r a t i o by a f a c t o r of 10 or more. 

Tuned a m p l i f i e r s may be used (Gathman and Anderson, 

1965) but there may be l i t t l e improvement i n the s i g n a l 

to-noise r a t i o and a d r i f t i n the s i g n a l frequency may 

cause a change not only i n the s e n s i t i v i t y but a l s o 

i n the phase s h i f t of the a m p l i f i e r . 

Asymmetric S i g n a l s . 

The output, of the asymmetric d e t e c t o r with a 

response time nT can be approximated to 

nT 

2.34c 

V G (e. - e )nT 

where G i s a constant 

e + i s the peak p o s i t i v e swing during the 

previous time, nT 

e i s the peak negative swing during the 
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previous time, nT. 

Landon (1941) has shown t h a t the amplitude of 

white n o i s e has a gaussian d i s t r i b u t i o n so t h a t the 

p r o b a b i l i t y , P(e).de of the voltage a t any i n s t a n t l y ­

ing between e and e + de i s given by 

P(e)«de - ( 2 T r e T ) " J s • exp ( - e 2 ^ ^ ) »de 

and the p r o b a b i l i t y t h a t i t w i l l be bigger than e m i s 

P (e) «de 

em 
. 0 0 

The v a l u e of / P(e)«de can be determined nu-

m e r i c a l l y f o r v a r i o u s values of the r a t i o _ . 

e m / P (e) »de 
00 / 

;m 
3 0.0015 

4 3 x 10" 5 

6 3 x 10 - 7 

2.34 ( i ) 

Zero S h i f t 

I n a time, nT, the t o t a l number of independent s 



p i e s i s of the order BnT f where B i s some re p r e s e n t a ­

t i v e frequency bandwidth. I f nT = 10" 1 sees and B = 

10 3 Hz, BnT = 10 2 and the most probable peak value of 

e w i l l be 2.2/^" . During twice t h i s period t h a t most 

probable;.peak value would be 2.45/e^~ so the most prob­

able d i f f e r e n c e between the p o s i t i v e and negative peak 

values during a time i n which the order of 100 inde­

pendent samples may be observed i s 0.25/gT -. T h i s com­

pares favourably with the expected zero s h i f t i n a 

phase s e n s i t i v e d e t e c t o r whose bandwidth i s l/20th of 

the 10 3 Hz used i n t h i s example. 

2.34 ( i i ) 

S e n s i t i v i t y 

I n the presence of an asymmetric s i g n a l , the con­

t r i b u t i o n of the noise of one s i g n w i l l be sampled over 

a longer period than t h a t of the opposite s i g n . The 

d i f f e r e n c e w i l l depend on the amplitude of the s i g n a l . 

For s m a l l s i g n a l s , whose amplitude, V, i s of the 

order /gT , the noise would reduce the e f f e c t i v e s i g n a l 

by about 0.5/^T . For l a r g e r s i g n a l s , the noise c o n t r i ­

bution i n c r e a s e s to a maximum of about 2/~T f o r s i g -

f a c t o r s demand t h a t n o i s e l e v e l s be kept steady and a 

n a l s whose amplitude, V, i s g r e a t e r than 50 These 
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d e t a i l e d c a l i b r a t i o n curve be p l o t t e d i f the f i e l d 

m i l l i s to be used a t the l i m i t of i t s s e n s i t i v i t y . 

2.34 ( i i i ) 

Asymmetric Pick-up 

The d e t e c t o r cannot cope with t h i s type of i n t e r ­

f erence. I f the hum s i g n a l i n c l u d e s any harmonics of 

f i x e d phase r e l a t i v e to the fundamental then t h i s i s 

detected as a s h i f t i n the zero reading. By using a 

high s i g n a l frequency t h i s e f f e c t can normally be kept 

s m a l l . 

2.35 Conclusion 

A f a s t m i l l with a high input impedance a m p l i f i e r 

w i l l g i ve the b e s t s i g n a l - t o - n o i s e r a t i o i n a l l sy­

stems. For maximum s e n s i t i v i t y , a bandpass a m p l i f i e r 

with a phase s e n s i t i v e d etector of the p r e f e r r e d type 

i s b e t t e r than the asymmetric f i e l d m i l l but a t the 

c o s t of c o n s i d e r a b l y i n c r e a s e d complexity. E i t h e r de­

s i g n i s s e n s i t i v e to s i g n a l s whose amplitude i s of the 

order /^T and can be b u i l t to have a zero s t a b l e to 

w e l l below 1 v o l t per metre. 

For normal continuous recording, the m i l l may be 

placed w e l l above ground l e v e l . T h i s i n c r e a s e s the ex-
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posure f a c t o r , and hence the s e n s i t i v i t y , but a l s o 

e l i m i n a t e s any s h i e l d i n g due to space charge near the 

ground. 

2.36 The F i e l d M i l l Type A 

The m i l l , F i g u r e 2.36a, c o n s i s t e d of a segmented 

s t a t o r and a s i m i l a r r o t o r . A phase s i g n a l was ob­

ta i n e d from an e l e c t r o s t a t i c probe mounted between the 

blades of the s t a t o r and e l e c t r i c a l l y screened from i t . 

The m i l l was mounted upside down, 1.2 m above the ground 

a t a spot c l e a r from o b s t r u c t i o n s down to an angle of 

20° to the h o r i z o n t a l . The p r e - a m p l i f i e r s , F i g u r e 2.36b, 

were mounted near the m i l l while the main a m p l i f i e r s 

and d e t e c t o r , F i g u r e 2.36c, were indoors with the record­

e r . 

The e l e c t r o s t a t i c probe was the only method con­

v e n i e n t l y a v a i l a b l e to obtain a phase s i g n a l . The three 

main disadvantages were: 

i ) t h a t the v a r y i n g p o t e n t i a l of the probe i n ­

duced a spurious s i g n a l on the s t a t o r , 

i i ) t h a t the phase r e l a t i o n s h i p between the 

probe and the f i e l d s i g n a l had both an un­

c e r t a i n t y i n average value and a r a p i d f l u c ­

t u a t i o n which caused considerable d i f f i c u l t y 
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i n the design of the p h a s e - s e n s i t i v e de­

t e c t o r and, 

i i i ) t h a t the phase s i g n a l was not square and 

the mark to space r a t i o was not n e c e s s a r i l y 

one. 

Various forms of feedback were devised and i n c o r ­

porated to a d j u s t the mark to space r a t i o of the phase 

s i g n a l from the l i m i t e r to one (Lane-Smith, 1965) and 

to make the det e c t o r i n s e n s i t i v e to v a r i a t i o n s i n the 

mark to space r a t i o . 

Mounting the m i l l upside down 1.2 m above the 

ground enabled the m i l l to operate i n heavy r a i n but 

el i m i n a t e d the e f f e c t of space charge w i t h i n 1.2 m of 

the ground. 

2.37 F i e l d M i l l Type B (Lane-Smith, 1967) 

Th i s m i l l was developed to avoid the complica­

t i o n s of generating and pro c e s s i n g a phase s i g n a l and 

ye t s t i l l r e t a i n s i g n d i s c r i m i n a t i o n w i t h the zero s t a ­

b i l i t y and range switching f a c i l i t i e s of the phase sen­

s i t i v e system. 

The K o r t r i g h t M i l l , F i g u r e 2.37a, was mounted with 

the a x i s of r o t a t i o n h o r i z o n t a l and f a c i n g away from 

the u s u a l storm winds. The Pepel m i l l , Figure 2.37b, 
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was high on the end w a l l of an outhouse, s h e l t e r e d 

by the roof overhang. 

The p r e - a m p l i f i e r s were high impedance charge am­

p l i f i e r s . One, f o r the K o r t r i g h t m i l l , i s shown, Figure 

2.37c. The d e t e c t o r s were s i m i l a r to t h a t shown i n 

F igure 2.37d. 

2.38 C a l i b r a t i o n of the F i e l d M i l l s 

A c a l i b r a t i o n m i l l of type B was placed 20 f e e t 

away from the K o r t r i g h t M i l l on f l a t ground a t the cen­

t r e of a grounded p l a t e s i x f e e t square with the r o t o r 

i n the plane of the p l a t e . A covering p l a t e was sup­

ported 10 cm above the grounded p l a t e and i n s u l a t e d 

from i t . Various measured p o t e n t i a l d i f f e r e n c e s were 

applied to the p l a t e s and the output of the m i l l recorded. 

A f t e r the i n i t i a l c a l i b r a t i o n , the covering p l a t e 

was removed and the outputs of the c a l i b r a t i o n m i l l and 

the K o r t r i g h t m i l l recorded simultaneously. 

A s a t i s f a c t o r y c a l i b r a t i o n could be made only 

when a f t e r the i n i t i a l c a l i b r a t i o n , the ambient f i e l d 

v a r i e d over the range of i n t e r e s t — t h a t i s , from zero 

to s e v e r a l thousand v o l t s per m e t r e — w i t h o u t the onset 

of p r e c i p i t a t i o n . Nature r a r e l y co-operated i n pro­

v i d i n g these c o n d i t i o n s . 
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I n a c c e s s i b i l i t y and the l a c k of any open space 

without overhead power l i n e s or telephone cables or 

t r e e s prevented the c a l i b r a t i o n of the f i e l d m i l l a t 

Pepel. A very rough estimate of the s e n s i t i v i t y was 

made, but the value of the r e s u l t s i s p r i m a r i l y q u a l ­

i t a t i v e , not q u a n t i t a t i v e . 

2.4 A n c i l l a r y E l e c t r o n i c s 

2.40 I t was necessary to design and b u i l d a l l >power 

s u p p l i e s and v a r i o u s other e l e c t r o n i c d e v i c e s of which 

one, to double the c a p a c i t y of the two pen B r i s t o l 

r e corder, i s d e s c r i b e d . 

2.41 Recorder Pen Switch 

The main pen recorder used f o r data recording 

was a B r i s t o l 'Dynamaster', potentiometric, two pen 

recorder. I t had f i x e d ranges, v a r i a b l e speed and was 

equipped with a pen l i f t e r . 

A c i r c u i t was designed to l i f t the pens, switch 

to two d i f f e r e n t channels, lower the pens fo r a s h o r t 

time and repeat the procedure to r e t u r n t o the other 

channels. The time spent i n one p a i r of channels was 

much longer than the t o t a l time spent switching and 

recording on the other channels. I n t h i s way, two para-



meters could be recorded i n e f f e c t continuously while 

two others were sampled a t i n t e r v a l s . The main records 

were of e l e c t r i c f i e l d and p r e c i p i t a t i o n c u r r e n t while 

the sampled parameters were r a t e of r a i n f a l l and wind 

speed. The c i r c u i t i s shown i n Figu r e 2.41a. 

2.5 S i t e Topography 

Freetown, S i e r r a Leone, a t 8° 28' North and 13° 

13' West, i s a t the NNW end of a p e n i n s u l a about 10 

mil e s wide and 30 mi l e s long, Figure 2.5a. Fourah Bay 

Col l e g e , F i g u r e 2.5b, l i e s along a spur overlooking 

Freetown. The f i e l d s i t e , F i g u r e 2.5c, was on gently 

s l o p i n g ground a t about 1100 f e e t above sea l e v e l . 

The hut, f i g u r e 2.5d, contained a l l the recording equip­

ment and an e l e c t r o n i c s workshop where the equipment 

was b u i l t and t e s t e d . The r a i n r e c e i v e r together with 

the head u n i t of the V.R.E. was mounted i n a concrete 

p i t about 1.8 m by 1.2 m by l m deep i n an area l e v e l 

to a r a d i u s of 2 m, Figu r e 2.5e, which was about 18 m 

from the hut. 6 m f u r t h e r down the s l o p e , the f i e l d 

m i l l was mounted on a Dexion frame 1.2 m above the 

ground, Fig u r e 2.5f. 

Thunderstorms i n v a r i a b l y approached from the N.E., 

down the S i e r r a Leone R i v e r and were l i f t e d by the h i l l s 
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of the Freetown p e n i n s u l a . The p r e v a i l i n g wind 

during a storm was, t h e r e f o r e , N o r t h - E a s t e r l y so t h a t 

the tarmac d r i v e c l o s e to the f i e l d s i t e , F i g u r e 2.5c, 

was always upwind of the r a i n r e c e i v e r . 



CHAPTER I I I 

RESULTS 

3.0 I t i s d i f f i c u l t to i n t e r p r e t the value of the 

e l e c t r i c f i e l d a t the ground because of indeterminate 

s h i e l d i n g charges both a t the ground and around the 

cloud. However, when there i s a discontinuous change 

i n the f i e l d , due to a l i g h t n i n g d i s c h a r g e , there i s almo 

no instantaneous r e d i s t r i b u t i o n of the s h i e l d i n g 

charges. I t i s more u s e f u l , t h e r e f o r e , to examine 

f i r s t the p a t t e r n of changes a s s o c i a t e d with a l i g h t ­

ning f l a s h than to look f o r a more genera l r e l a t i o n s h i p 

of some parameter with the e l e c t r i c f i e l d . 

3.10 P a t t e r n of E l e c t r i c F i e l d Changes 

During a t y p i c a l storm the e l e c t r i c f i e l d may 

vary somewhat as i n Figure 3.10a. For the storm of 

November 4, 1965, the average change i n e l e c t r i c f i e l d 

a t a f l a s h was about 3000 V/fri when the storm was about 

1.5 km away. The average i n t e r v a l between f l a s h e s was 
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30-40 sees. 

As the time constant f o r the recovery of the 

e l e c t r i c f i e l d was about 30 s e e s , the f i e l d never f u l l y 

recovered. To measure the recovery time constant i t 

i s necessary to c a l c u l a t e the r e l a t i o n s h i p between the 

f u l l y recovered f i e l d and the average f i e l d j u s t before 

a f l a s h . Consider the i d e a l i z e d case with i d e n t i c a l 

d i s c h a r g e s a t equal time i n t e r v a l s superimposed on a 

steady f u l l y recovered f i e l d . 

L e t the recovery time constant be z,. 

L e t the time i n t e r v a l between flashes, be x. 

L e t the discharge amplitude be A. 

L e t the f u l l y recovered f i e l d be V Q. 

Then, a f t e r a"time T, the f i e l d has some value 

V Q + 6 given by 

V D + 6 = V q + (A + 6) e" T/C 

During the storm of the 4th November 1965, F i g ­

ure 3.30b, T and £ were both about 30 s e e s . Thus e~ T/C 

i s about 1/3 which makes 6 about *sA. 

I f the f i e l d f o l l o w i n g s e v e r a l l i g h t n i n g f l a s h e s 

i s averaged, the mean fol l o w s an exponential decay 

f a i t h f u l l y f o r the f i r s t 20 s e e s , F i g u r e 3.30b, but 

a f t e r t h a t the e f f e c t of subsequent f l a s h e s d i s t u r b s 
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the mean away from the exponential curve. I f the f i r s t 

p a r t of the curve i s e x t r a p o l a t e d towards the estimated 

' f u l l y recovered' e l e c t r i c f i e l d , the time constant, C^, 

i s 31 ± 3 s e e s . 

3.20 P a t t e r n of P r e c i p i t a t i o n Current Changes 

The p r e c i p i t a t i o n c u r r e n t during a storm v a r i e d 

r a p i d l y and over a wide range. There was some e v i ­

dence of a 'mirror image* e f f e c t (Simpson, 1949), i n 

t h a t the c u r r e n t tended to be of opposite s i g n to the 

f i e l d , but the only other r e g u l a r f e a t u r e apparent was 

the response to a sudden change i n e l e c t r i c f i e l d due 

to a l i g h t n i n g discharge, Figure 3.20a. 

3.30 Response of P r e c i p i t a t i o n Current to 
E l e c t r i c F i e l d Changes 

The record of p r e c i p i t a t i o n c u r r e n t a f t e r a l i g h t ­

ning ;fjras.h averaged over many events, looks l i k e 

F i g u r e 3.30a. 

The f i r s t step i s displacement c u r r e n t due to i n ­

complete s h i e l d i n g of the r a i n c o l l e c t o r . T h i s can be 

evaluated by measuring the response of the p r e c i p i t a ­

t i o n c u r r e n t record to a l i g h t n i n g f l a s h when no r a i n 

i s f a l l i n g . When the displacement c u r r e n t i s s u b t r a c t e d 

the c u r r e n t appears as i n F i g u r e 3.30b. 
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Three e f f e c t s are evident. F i r s t , from 10-25 

s e e s , the c u r r e n t i s decaying with an exponential time 

constant equal to the recovery time constant of the 

e l e c t r i c f i e l d . Subsequent step changes d i s p l a c e the 

average c u r r e n t from the exponential curve i n a s i m i l a r 

manner to the e f f e c t on the e l e c t r i c f i e l d . During 

the f i r s t 10-15 seconds, however, the p r e c i p i t a t i o n 

c u r r e n t which must remain constant during the f r a c t i o n 

of a second of the l i g h t n i n g f l a s h , approaches the ex­

p o n e n t i a l decay curve with another, s h o r t e r time con­

s t a n t , £ 2 • 

From the graph fo r the storm on November 4, 1965, 

i t i s p o s s i b l e to deduce t h a t ^ = 3 ± 0.3 s e e s , and 

t h a t the longer decay curve i f e x t r a p o l a t e d back to a 

time T = 0, a t the l i g h t n i n g f l a s h would read a pre­

c i p i t a t i o n c u r r e n t change of 2.6 ± 0.2 x 10~ 9 Amp metre' 

f o r an e l e c t r i c f i e l d change of 3000 V/M, during heavy 

r a i n of the order 1.4 x 10~ 5 m s e c - 1 or 2 inches per 

hour. The e l e c t r i c f i e l d j u s t before a f l a s h - averaged 

about -2000 Vm"1 and the r a t e of recovery of e l e c t r i c 

f i e l d a f t e r a f l a s h when the f i e l d was c r o s s i n g zero 

was -125 Vm~l s e c - 1 . 

A computer was used to analyze three storms and 

to p l o t the averaged responses of f i e l d and c u r r e n t to 
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a l i g h t n i n g f l a s h . 

The r e s u l t s are ta b u l a t e d i n Figure 3.30c. 

A n a l y s i s of Three Storms 

Date Oct.24,1965 Nov.4,1965 Jun.7,1966 

Time of S t a r t 

G.M.T. 

16.05 15.07 14.15 

R a i n f a l l about 1.4 x 

10" 5 m s e c - 1 

about 1.4 x 

10" 5 m s e c " 1 

2.0 ± 0.1 x 

10" 5 m s e c " 1 

Average step 
change i n E due 
to l i g h t n i n g 

4,960 V m""1 3,000 Vm"1 1,780 Vm"1 

Corresponding 
change i n i Q , 
r a i n c u r r e n t 

4.9.10~9Amp 
- 2 
m 

2.6.10"9Amp _- z 
m 

7.05.10"9Amp 
m"2 

Time constant 
f o r change i n 
r a i n c u r r e n t 

3.36 sees 3.2 sees 2.5 sees 

Rate of Change 
of E a f t e r f l a s h 
at E = 0 

-179 Virf 1 

s e c " 1 
-125 Vm"1 

s e c " 1 
-228 Vm"1 

s e c " 1 

Average f i e l d E 
before f l a s h -3,150 Vra" 1 -2000 Vm"1 -780 Vm"1 

F i g u r e 3.30c 
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3.4 Meteorological Records 

Measurements taken a t the K o r t r i g h t meteorologi­

c a l s t a t i o n , Figure 2.5b, about h a l f a mile from the 

f i e l d s i t e , are a v a i l a b l e f o r the period of the storms, 

f i g u r e s 3.4a, b and c. The records are t r a n s c r i b e d to 

show on one sheet, over the duration of the storm, r a i n ­

f a l l , wind speed and d i r e c t i o n , p r e s s u r e and, f o r Octo­

ber 24 and November 4, the r e l a t i v e humidity and tem­

pe r a t u r e . At 15.00 on June 7, 1966, the dry bulb 

temperature was 70.1°F, the wet bulb 70°F, the r e l a t i v e 

humidity 99% and the vapour p r e s s u r e 24.9 m i l l i b a r s . 

A l l records show a l u l l i n wind before the storm, 

a sudden i n c r e a s e i n wind speed j u s t as the r a i n s t a r t e d , 

or perhaps a minute or two before and continuous high 

winds f o r h a l f an hour afterwards. Notice, too, t h a t 

the wind backs from S.W. to S.E., from which d i r e c t i o n 

the storms w i l l have come. The October 24th re c o r d 

shows the c h a r a c t e r i s t i c temperature drop j u s t before 

the storm but not the pr e s s u r e s i g n a t u r e which, however, 

i s c l e a r l y shown on the June 7 record. 

The r a t e of r a i n f a l l a t the K o r t r i g h t meteoro­

l o g i c a l s t a t i o n was approximately one in c h per hour or 

0.7 x 10""5 m s e c " ^ on October 24, the same on November 
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11 and 1.6 inches per hour or 1.1 x 10"""' in s e c * ^ on 

June 7. These v a l u e s , which are lower than the f i e l d 

s i t e measurements do not n e c e s s a r i l y mean t h a t the 

l a t t e r are i n e r r o r . The f i e l d s i t e , f u r t h e r up the 

h i l l than the meteorological s t a t i o n , i s l i k e l y to have 

a higher and h e a v i e r r a i n f a l l . 



CHAPTER IV 

ANALYSIS OF RESULTS 

4.10 General Considerations and Nomenclature 

4.11 The f i r s t and obvious i n t e r p r e t a t i o n of the changes 

i n the p r e c i p i t a t i o n c u r r e n t i s t h a t they are due simply 

to s p l a s h i n g ; t h a t i s , charged d r o p l e t s produced by 

sp l a s h i n g a t the rim of the r e c e i v e r and nearby, f a l l 

s t r a i g h t i n t o the r e c e i v e r . However, the time of a 

sp l a s h t r a j e c t o r y - would always be much l e s s than 1 

second and the e f f e c t i v e time constant would be j u s t a 

few tenths of a second. The observed time constants 

were an order of magnitude g r e a t e r than t h i s and so 

cannot be i n t e r p r e t e d i n t h i s way. Furthermore, a more 

i n t e n s i v e r a i n f a l l would give a longer time constant be­

cause of the expected higher s p l a s h t r a j e c t o r i e s but the 

opposite was observed. 

During a heavy r a i n f a l l , drops w i l l f a l l with a 

v e l o c i t y of around 8 m sec*"^ so t h a t during the l a s t few 

42 
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seconds of t h e i r f a l l they are e n t i r e l y below the 
cloud. The change i n p r e c i p i t a t i o n c u r r e n t a f t e r a 
l i g h t n i n g f l a s h must, t h e r e f o r e , be caused by the cap­
ture of charge by the r a i n drops w i t h i n the l a s t few 
metres above ground. 

4.12 Various models and mechanisms to e x p l a i n the 

charge capture are examined. As f a r as p o s s i b l e , a 

common nomenclature i s adopted as f o l l o w s . The s u f f i x 

' o' denotes 'at the e a r t h ' s s u r f a c e . ' The s u f f i x '1' 

denotes 'at t h a t height a t which Q = 4TTE 0 3a 2F.' 

Symbol Unit s 

a = r a d i u s of an average r a i n drop m 

b = -a d i f f u s i o n c o e f f i c i e n t defined 

by equation 4.31>(ii) m 2sec~ l 

e = the charge on a s m a l l ion coulomb 

h = r a t e of capture of d r o p l e t s by 
one drop s e c " 1 

i = NUQ = r a i n c u r r e n t d e n s i t y i n t o 
the ground amp m~z 

m = mass of an average d r o p l e t Kgm 

n = number d e n s i t y of p o s i t i v e s m a l l 

ions m"3 

q = average charge per d r o p l e t coulomb 

r = r a d i u s of the average d r o p l e t m 
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t = time 

z = height above ground 

E = p o t e n t i a l g r a d i e n t , 

s e c 

m 

Vm -1 

H = 

I = 

J = 

L = 

M = 

N = 

P = 

Q = 

R = 

S = 

T = 

U = 

F = 

e 

Y 
:o 

r a t e a t which*rain drops sweep 
up d r o p l e t s 

v e r t i c a l c u r r e n t d e n s i t y due to 
charges r e s i d i n g on d r o p l e t s 

v e r t i c a l c u r r e n t d e n s i t y due to 
movement of ions 

t h i c k n e s s of d r o p l e t blanket 

mass of an average r a i n drop 

number d e n s i t y of r a i n drops 

3iTa2N 

charge on a r a i n drop 

r a t e of r a i n f a l l 

number d e n s i t y of d r o p l e t s 

s u r f a c e t e n s i o n of water 

v e l o c i t y of a r a i n drop 

-E 

m~ 2sec- 1 

amp m 

amp m~ 2 

m 

Kgm 

n f 3 

m"1 

coulomb 

m s e c " 1 

- 3 

m 

Joule m~2 

m s e c " 1 

V m"1 

= r a t e of flow of d r o p l e t s upwards m~ 2sec - 1 

(Tra 2NUv/rb) J s 

p e r m i t t i v i t y of a i r 

number of d r o p l e t s produced by 
one drop 

- 1 m 
F m 

n = v i s c o s i t y of a i r Kgm m" xsec" 1 
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X = r a t e of i n j e c t i o n of d r o p l e t s m~ 3sec" 1 

v = e f f i c i e n c y of d r o p l e t capture by 
drops defined by equation 4.31(i) 

p = d e n s i t y of water Kgm m~3 

a = space charge on suspended d r o p l e t s coulomb 
per u n i t area of ground m~2 

T = time constant f o r r a i n c u r r e n t 
response to l i g h t n i n g sec 

<i> = q/E F m 

X = change i n i reading by d i s p l a c e ­
ment c u r r e n t i n r e c e i v e r amp m-2 

- time constant f o r recovery of 
displacement c u r r e n t sec 

a) = m o b i l i t y of ions m 2 V 1 s e c 

4.20 The Whipple-Chalmers Model 

4.21 A model f o r the i n t e r p r e t a t i o n of these r e s u l t s 

may be considered which i s s i m i l a r to t h a t s e t up by 

Chalmers (1951). The space charge i s assumed to r e s i d e 

e n t i r e l y on s m a l l ions which migrate upwards because 

of the v e r t i c a l p o t e n t i a l g r a d i e n t . Rain drops capture 

the ions according to the theory of Whipple and C h a l ­

mers (1944). However, i t i s not necessary to assume 

t h a t the negative charge causing the f i e l d r e s i d e s en­

t i r e l y on r a i n drops i n the base of the cloud and t h a t 

these drops subsequently sweep out the e n t i r e p o s i t i v e 
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space charge above a c e r t a i n height. An a l t e r n a t i v e 

mechanism which could operate i s t h a t the cloud's neg­

a t i v e charge may r e s i d e on cloud d r o p l e t s . P o s i t i v e 

charge i f i t a r r i v e s may a l s o be captured by d r o p l e t s . 

The p o s i t i v e and negative charges may n e u t r a l i z e one 

another or may be separated by advection and convec­

t i o n . With t h i s r e l a x a t i o n i n the c o n s t r a i n t s of the 

model c a l c u l a t i o n s above the cloud base become mean­

i n g l e s s . 

From Whipple and Chalmers (1944) the r a t e of 

charging a r a i n drop i s given by 

Q 
dQ _ i rneu)(3a 2F - 4TT£Q) 
dt 5 ^ 

a i v i n a d Q = -irneu)(3a 2F - Q/4TT£0) 2 

dT 5UPF 

The maximum charge a drop can acquire i s given by 

Ql = 4Tre 03a 2Fi 

which i n c r e a s e s c o n t i n u a l l y with height. I f the aver­

age drop ever reaches t h i s v alue, then i t s charge w i l l 

be g r e a t e r than 4 i r e 0 3 a 2 F 0 . 

At the ground Q Q = i 0/NU = 4tTa 3i 0/3R. 

For the r a i n to be s a t u r a t e d , t h a t i s f o r z f to 

be p o s i t i v e , Q Q must be g r e a t e r than 4 Tre 03a 2F 0 or i D 
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g r e a t e r than 9 R e 0 F 0 / a . 

4.22 T y p i c a l v a l u e s f o r the storm of November 4 r 1965, 

gave 

i 0 = 2 x 10~ 9 amp m~2 

F Q = 3 x 10 3 Vm"1 

and R = 1.5 x 10"5m s e c " 1 (2 inches per hour) 

The measurements of r a i n drop s i z e s vary consid­

e r a b l y with the type of r a i n and the method of measure­

ment, see f o r example F l e t c h e r (1962). 

A r e c e n t measurement i n t r o p i c a l thunderstorm 

r a i n (Kelkar, 1968a) shows a d i s t r i b u t i o n of median 

volume r a d i u s a, with r a i n f a l l , R, as i n F i g u r e 4.22a. 

The dotted l i n e s i n d i c a t e the spread i n experimental 

r e s u l t s . 

I n another paper (Kelka r , 1968b) he draws a graph 

of the t o t a l number of raindrops reaching the ground 

m~2 s e c " 1 a g a i n s t r a i n f a l l from which can be c a l c u l a t e d 

a mean volume and a mean volume r a d i u s as shown i n F i g ­

ure 4.22b together with some r e s u l t s from Humphreys 

(1929). 

Because of the experimental u n c e r t a i n t y and be­

cause the f i n a l argument can be demonstrated by orders 

of magnitude, i t i s v a l i d to s i m p l i f y the raindrop spec-
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trum by c o n s i d e r i n g i t to c o n s i s t of drops a l l one 

s i z e . D i v i d i n g the r a i n f a l l by the number of drops 

reaching the ground per u n i t area per sec should give 

a mean weighted towards the f a s t e r drops. As the r e ­

s u l t i s a c t u a l l y s m a l l e r than the median volume r a d i u s , 

a r a d i u s between the median from Figure 4.22a and t h a t 

from F i g u r e 4.22b would seem s u i t a b l e f o r the purpose 

of t h i s study. 

When R = 1.5 x 10" 5 m s e c " 1 , 

a = 1.1 + 0.2 x 1 0 - 3 m 

and 9 R g o F o = 3.3 x 10" 9 amp ra"2 

a 

which i s g r e a t e r than i Q but s u f f i c i e n t l y c l o s e to make 

i t l i k e l y t h a t some of the r a i n drops are charge s a t u r ­

ated, though the proportion i s u n c e r t a i n . 

Sivaramakrishnan (1961) found the charge on 

thunderstorm r a i n to exceed the value at which i t would 

continue to gain charge a l l the way down to ground l e v e l , 

sometimes by a f a c t o r of f i v e or s i x times. 

4.23 The r e l a x a t i o n time f o r the change i n p r e c i p i t a ­

t i o n c u r r e n t a f t e r a l i g h t n i n g f l a s h , about 3 seconds, 

i s much l e s s than the t y p i c a l i n t e r v a l between f l a s h e s , 

about 30 seconds. The p r e c i p i t a t i o n c u r r e n t , t h e r e f o r e , 
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may be considered to have reached steady c o n d i t i o n s 

j u s t before a f l a s h . 

To evaluate these steady conditions i t i s neces­

s a r y to f i r s t determine the v e r t i c a l p o t e n t i a l g r a d i e n t 

p r o f i l e . I t w i l l be shown t h a t the p r o f i l e i s n e a r l y 

independent of any assumption regarding the capture of 

ions by r a i n drops. 

Over the region i n which Q > 4 T r e 0 3 a 2 F 

dF 
Si = r ^ ( n e + NQ) fco 

where NQ i s constant. 

Now, R N U 4 7 r a 3 

3 

i f R 1.5 x 10- 5 m s e c " 1 

U 7.0 m s e c - 1 ( F l e t c h e r , 1962) 

and a = 1.1 x 10" 3 m i 
then N s 390 m"3 

and NQ i Q / U = 2.9 x 1 0 " 1 0 coulomb 

A l s o , neuiF constant = A. 

At ground l e v e l , n oewF 0 = J Q . 

Wormell (1953), Smith (1951) and Simpson (1949) a l l 

estimated J Q under a storm to be of the order 0.02 amp 

km"2. Schonland (1928) estimated 0.16 amp km"2. 

An estimate of the c u r r e n t a t the time and p l a c e 
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of the experiment can be made using a m o d i f i c a t i o n of 

Smith's method. 

The recovery of e l e c t r i c f i e l d a f t e r a l i g h t n i n g 

f l a s h i s due to two e f f e c t s : the recovery of the cloud 

d i p o l e moment and the d i s s i p a t i o n of space charge 

s h i e l d i n g the ground. F a r d i s t a n t f l a s h e s , measured 

a t a s i t e where no r a i n i s f a l l i n g and where the e l e c ­

t r i c f i e l d i s s m a l l , are not a f f e c t e d by l o c a l space 

charge and the recovery time constant i s t h a t of the 

cloud. Measurements on d i s t a n t storms show t h i s to 

be of the order of 2 minutes. Nearby f l a s h e s have r e ­

covery time constants of the order 25 sees or l e s s 

which shows t h a t the second process dominates. 

I t i s assumed t h a t the r a t e of d i s s i p a t i o n of 

space charge when F Q = 0, j u s t a f t e r a f l a s h i s equal 

to the r a t e j u s t before the f l a s h when F Q was steady. 

As t h i s d i s s i p a t i o n takes p l a c e — i ) by ion capture 

by r a i n drops and, — i i ) by conduction c u r r e n t i n t o 

the cloud a t heights where the f i e l d remains l a r g e 

and negative, the e r r o r i n t h i s assumption w i l l be 

sm a l l but always i n a d i r e c t i o n to cause underestima­

t i o n of J 0 . 

I t i s f u r t h e r assumed t h a t the s h i e l d i n g space 
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charge i s mainly higher than the f i e l d m i l l , mounted 

1.2 m above the ground. For the Whipple-Chalraers 

model t h i s i s a good assumption. That the r e s u l t s 

show t h i s assumption to be poor (paragraph 4.43) i s 

evidence a g a i n s t t h i s model. 

From the record of the storm on November 4, 1965, 

the r a t e of recovery of e l e c t r i c f i e l d a f t e r a f l a s h 

when F Q = 0, v a r i e d from 60 Vm""1 s e c " 1 a t e i t h e r end of 

the storm to about 230 Vm - 1 s e c - 1 a t the p o s i t i o n of 

c l o s e s t approach of the storm centre which was then 

about 1.5 km away. The maximum negative f i e l d over 

the same period v a r i e d by a f a c t o r of only 2. 

The corresponding c u r r e n t d e n s i t i e s r e q u i r e d to 

maintain the space charge are 4.5 x 1 0 ~ 1 0 amp m - 2 and 

2 x 10~ 9 amp m~2. These are an order of magnitude 

l e s s than the f i g u r e s quoted by Wormell (1953) which 

w i l l be because the measurements were taken 1.5 km 

from the storm centre and because the m i l l was 1.2 m 

above the ground. 

I f J Q = 2 x 10" 9 amp m"2 

and u) = 2 x 10"" m 2 V" 1 s e c - 1 

= iQ" 5 

F 
then ne 

- 5 (4.2 
and ^ = 1.12 x 1 0 n ( — + 2.86 x 1 0 _ l c ) dz F 
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f o r the region where Q>4ire 03a 2F. 

At ground l e v e l , 

F 0 = 3 x 10 3 Vm**1 

and 5- = 350 Vm - 2 

dz 

At some height, z, the f i e l d i s given by s o l v i n g 

equation 4 . 2 3 ( i ) . 

2.86 x 1 0 - 5 F - l n ( l + 2.86 x 10" 5F) 

= 9.4 x 10-";z + A 

where A i s a constant. 

I f F Q = 3 x 10 3 Vm"1 when z = 0 

then A = 0.087 - In 1.087 

0.0033 

and 2.86 x 10" 5F - l n ( l + 2.86 x 10" 5F) 

9.4 x 10~fyz + 0.0033. 

T h i s r e l a t i o n s h i p i s d i s p l a y e d i n F i g u r e 4.23a 

and F i g u r e 4.23b. 

4.24 The assumption t h a t no charge w i l l be swept 

out by the r a i n i s i n v a l i d a t a l l times because of the 

spread i n values of Q. The magnitude of t h i s e f f e c t 

can be estimated by p u t t i n g Q = 0, when 

dQ -irneu . 
dz U 3a F 
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newF - NUQ = c o n s t a n t 

= J o " 
= 0 

NUQ = newF 

N UdQ = dJ 
dz dz 

dQ -3iTa 2eu> „ 
37 = u — 
d F = k. (ne + NQ) 

- 3 T r a 2 N J = dJ/dz 

g i v i n g J = J D exp(-Pz) 

where p = 3-rra2N 

and J = J Q when z = 0 

eogj - Jo exp(-Pz) {:L- + I> 

h) F«dF _ J Q exp(-Pz)«dz ( 4 . 2 4 i ) 
(1 +WF/U) ~ 

i n t e g r a t i n g ( 4 . 2 4 i ) 

UF - (Hi) l n ( l + SSL) = J Q (1 - e x p ( - P z ) ) + B 

a) U e P P 

where B i s a c o n s t a n t . ( 4 . 2 4 i i X 

When z = 0, F = F 0 

t h e r e f o r e , B = UF Q - — l n ( l + ^ ) 
° w U 

Given t h e v a r i o u s c o n s t a n t s , i t i s s i m p l e now t o 

c a l c u l a t e t h e v a r i a t i o n o f e l e c t r i c f i e l d w i t h h e i g h t 



and a l s o t h e v a r i a t i o n o f n and Q. 

I f Jo = 2 x 10" 9 amp m"2 

F o = 3 x 1 0 3 Vm - 1 

a = 1.1 x 10" 3 m 

N 390 m - 3 

so t h a t P = 4.45 x 10" 3 m"1 

U = 7 ra sec" 1 

0) = 2 x 10~* m 2 V - 1 sec 
e o = 8.9 x 1 0 " 1 2 Fra" 1 

A t z 0, wF0/U = 0.086 

and B = 808 V s e c - 1 . 

S u b s t i t u t i n g v a l u e s f o r t h e s t o r m o f November 4, 

1965, e q u a t i o n ( 4 . 2 4 i i ) becomes 

1 - exp(-4.5 x 10~ 3 z ) = 2.0 x 10" 5{24.5 x 

10- (2.86 x 10" 5F - l n ( l + 2.86 x 10"-5F) ) 

- 808} 

T h i s can e a s i l y be s o l v e d f o r z on s u b s t i t u t i n g 

v a l u e s f o r F. Some v a l u e s are d i s p l a y e d i n F i g u r e 4.23b 

and p l o t t e d i n F i g u r e 4.23a. 
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(1) ( 2 } 

F i e l d H e i g h t , Q>4ire 03a 2F H e i g h t , Q = 0 

F Vm~1 :z m z m 

3 x 1 0 3 0 0 

6 x 1 0 3 11.0 11.2 

10" 34.2 37.1 

1.5 x lO" 75.8 92.4 

2 x 10" 124.4 181.3 

Corresponding v a l u e s o f n e g a t i v e e l e c t r i c f i e l d , 

F, and h e i g h t , z, i f r a i n , (1) c a p t u r e s no charge and 

{ 2 } c a p t u r e s charge a t t h e r a t e when Q = 0, f o r t h e 

s t o r m o f November 4, 1965. 

F i g u r e 4.23b 
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4.25 From F i g u r e 3.30b, t h e t i m e s c a l e f o r t h e v a r ­

i a t i o n i n p r e c i p i t a t i o n c u r r e n t a f t e r l i g h t n i n g i s o f 

t h e o r d e r 3 sees, d u r i n g which r a i n f a l l s about 20m. 

F i g u r e 4.23a shows t h a t t h e v a r i a t i o n o f t h e 

e l e c t r i c f i e l d w i t h h e i g h t up t o about 20m i s n e a r l y 

independent o f any charge t r a n s f e r t o t h e r a i n drops 

and t h e r e f o r e any assumption made c o n c e r n i n g t h i s w i l l 

have l i t t l e e f f e c t on t h e p o t e n t i a l g r a d i e n t p r o f i l e . 

E q u a t i o n 4 . 2 4 ( i i ) shows t h a t t h e h e i g h t a t which 

t h e charge t r a n s f e r becomes i m p o r t a n t i s p r o p o r t i o n a l 

t o 1/P m where P = 3ira 2N. The v a l u e s chosen f o r a and 

N are t y p i c a l o f a heavy s t o r m and g i v e 1/P t o be about 

225 m. However, i n v e r y heavy r a i n , o f t h e o r d e r 4 x 

10~ 5 m s e c - 1 , 1/P would be reduced t o about 50m and i t 

would become i m p o r t a n t t o assess t h e charge t r a n s f e r t o 

t h e r a i n and i t s e f f e c t on t h e p o t e n t i a l g r a d i e n t p r o ­

f i l e . 

D u r i n g t h e s t o r m o f November 4, 1965, t h e average 

peak p o s i t i v e p o t e n t i a l g r a d i e n t was about 1000 Vm"1. 

From F i g u r e 4.23a i t can be seen t h a t t h e p o t e n t i a l a t 

a h e i g h t o f o n l y 3m w i l l never go f a r p o s i t i v e and few 

o r no n e g a t i v e i o n s w i l l be produced by p o i n t d i s c h a r g e . 

The n e g a t i v e change i n p r e c i p i t a t i o n c u r r e n t would be 
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due, t h e r e f o r e , n o t t o t h e c o l l e c t i o n o f n e g a t i v e i o n s 

b u t t o t h e f a i l u r e t o c o l l e c t p o s i t i v e i o n s d u r i n g t h e 

f a l l t h r o u g h t h e l o w e s t few m e t r e s . 

The i n i t i a l s l o p e o f t h e p r e c i p i t a t i o n c u r r e n t , 

F i g u r e 3.30b, cannot t h e r e f o r e be g r e a t e r t h a n t h e r a t e 

o f c o l l e c t i o n o f charge a t ground l e v e l as g i v e n i n 

e q u a t i o n 4 . 2 5 ( i ) . 

d i d(NUQ) 
d t ~ dz U a t z = 0 

= NU 2^) z = 0 ( 4 . 2 5 i ) 
dz 

i f dQ _ - 3 t T a 2 J 0 z = 0 

a r u 
which assumes Q i s e f f e c t i v e l y 0. 

For t h e v a l u e s chosen, 
a = 1.1 x 10" 3 m 
N = 390 m"3 

U = 7 m s e c - 1 

J Q = 2 x 10" 9 amp m~2 

,d() _ -3TT 1.2 x 1 0 ~ 1 5 . _! (g-j) ~ coulomb m 
z = 0 

3.23 x 1 0 " 1 5 coulomb nT 1 

and £i£ = -6.17 x 1 0 - 1 1 amp m"? sec" 1 

d t 

b u t t h e measured r a t e o f change o f i Q i s -5 x 10" 1"amp 
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m~2 s e c " 1 (see F i g u r e 3.30b) a f a c t o r o f t e n t i m e s . 

T h i s d i s c r e p a n c y i s o u t s i d e t h e l i m i t s o f e x p e r i m e n t a l 

e r r o r and i s due t o an e f f e c t i g n o r e d i n t h e t h e o r y so 

f a r . 

4.30 A D r o p l e t D i f f u s i o n Model 

4.31 The shape and magnitude o f t h e p r e c i p i t a t i o n c u r ­

r e n t response t o a l i g h t n i n g d i s c h a r g e demands t h a t t h e 

r a i n p i c k up i t s charge i n t h e l a s t few metres b e f o r e 

r e a c h i n g t h e ground. There may, t h e r e f o r e , be a heavy 

c o n c e n t r a t i o n o f charge a t t h i s low l e v e l , w h i c h has a 

low m o b i l i t y and w h i c h can be c o l l e c t e d by f a l l i n g 

drops by o t h e r t h a n t h e W i l s o n (1929) p r o c e s s . Such 

a charge c o u l d r e s i d e on d r o p l e t s and t h e charged d r o p ­

l e t s c o u l d be produced by s p l a s h i n g . For 1 mm r a d i u s 

drops f a l l i n g t h r o u g h 50 m i c r o n r a d i u s d r o p l e t s t h e 

c o l l e c t i o n e f f i c i e n c y i s n e a r l y one and i s p r a c t i c a l l y 

u n a f f e c t e d by t h e presence o f e l e c t r i c charges (Lang-

m u i r , 1948: Gunn and H i t c h f e l d , 1951). 

There i s a n o t h e r o b j e c t i o n t o t h e p r e v i o u s model 

c o n c e r n i n g t h e i n t e r p r e t a t i o n o f t h e r a t e o f r e c o v e r y 

o f p o t e n t i a l g r a d i e n t a f t e r a d i s c h a r g e . The c a l c u l a t e d 

c u r r e n t , c a l l e d J Q , i s a c t u a l l y JQ + I 0 where J Q i s t h e 
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p o i n t d i s c h a r g e c u r r e n t d e n s i t y as b e f o r e and I 0 i s 

t h e c u r r e n t d e n s i t y a t t h e ground due t o t h e p r o d u c t i o n 

o f space charge by s p l a s h i n g . I f t h i s space charge 

c o n s i s t e d o f s m a l l i o n s , I would be i d e n t i c a l i n na­

t u r e t o J and t h e p r e v i o u s a n a l y s i s would be v a l i d . 

L e t J i n c l u d e a l l i o n i c c u r r e n t d e n s i t y . 

I = c u r r e n t d e n s i t y due t o charge r e s i d i n g 
on d r o p l e t s 

amp m~2 

S = number o f d r o p l e t s m~3 

q = average charge per d r o p l e t coulomb 

v = c a p t u r e e f f i c i e n c y o f d r o p l e t s by 
d r o p s . 

h = r a t e o f c a p t u r e o f d r o p l e t s by 
one drop sec" 1 

v i s d e f i n e d by t h e e q u a t i o n 

h = T t a 2 U S \> ' • •. ,(4.31i) 

$ = r a t e o f f l o w o f d r o p l e t s 
upwards m~2 s e c - 1 

b = a d i f f u s i o n c o e f f i c i e n t , de­
f i n e d by t h e r e l a t i o n 

3 = | = -b • j|§ ( 4 . 3 1 i i ) 

b has l i t t l e p h y s i c a l s i g n i f i c a n c e near t h e gro u n d , 

b u t i t s use g i v e s a c o n v e n i e n t d e n s i t y p r o f i l e f o r t h e 

d r o p l e t s . 
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At e q u i l i b r i u m d u r i n g steady heavy r a i n , 

-hN 

b d i - ^ = ira 2NUv • S 
dz 2 

so t h a t S = S Q e x p { - ( i r a ' N U v ) i s z } ( 4 . 3 1 i i i ) 
b 

where y = Aa zNUv 
b 

S = S Q e x p ( - y z ) 

and 3 = +yb • S 

I = ybq • S 

The r a t e , AHg, a t w h i c h t h e r a i n drops sweep up 

th e d r o p l e t s f r o m a l a y e r o f t h i c k n e s s dz and h e i g h t z 

i s g i v e n by 

AH Z = Nh dz 

= Na 2Uv ' Sdz 

= b y 2 S Q e x p ( - y z ) • dz 

= dz 
9z 

= -de 

The work o f Adkins (1959) suggests t h a t I Q w i l l 

be p r o p o r t i o n e d t o E f o r a g i v e n steady r a i n f a l l . Bo i s 

a c o n s t a n t so q w i l l be p r o p o r t i o n a l t o E. 

L e t q = <j>E 
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When E changes suddenly by AE t h e r e i s a d i s c o n ­

t i n u o u s change i n I Q e q u a l t o <j>AEB0. The i d e a l model 

t h e n shows a v e r t i c a l d i s c o n t i n u i t y i n t h e v a l u e o f q 

l y i n g i n a r i s i n g , h o r i z o n t a l p l a n e . T h i s p l a n e r i s e s 

w i t h a v e l o c i t y 6/s which i s e q u a l t o yh. 

I f Yb<U, t h e i n i t i a l r a t e o f change o f r a i n c u r ­

r e n t i s g i v e n by 

d i = *AEbYS 0(l - e x p { - y 2 b ' d t } ) 

<J>AEb2Y3SQ«dt 

o r 4r = *AEbVs o d t ° 
<frAEbY 23 0 

When t h e f i e l d i s s t e a d y , 

A i = d>AE30 

From F i g u r e 3.30b, 
d i o = 0*5 • 10" 9 Amp m"2 sec" 1 

d t 

and A i Q = 2*5 • 10~ 9 Amp m~2 

when A E = 3,000 V m"1 

From t h e r e s u l t s p l o t t e d i n F i g u r e 3.30b, 

bY2 = 0*3 sec" 1 

and * B 0 = 1 0 - 1 2 Amp V = l m"1 

b u t bY 2 = TTa 2NUv = 1*3 x 10"?;v sec" 1 

and i s independent o f b. T h i s model i s t h e r e f o r e a l s o 

u n a b l e t o e x p l a i n t h e r e s u l t s as v cannot be g r e a t e r t h a n 

1. 



4.32 I f yb i s g r e a t e r t h a n U, t h e i n i t i a l r a t e o f 

change o f r a i n c u r r e n t i s g i v e n by 

d i = <)>AEbYS0(l - exp{ - Y U ' d t } ) 

o r | i <()AEbY2S0U 

(JIAEBQUY 

The f i n a l s teady f i e l d w i l l s t i l l be <J>AE3o» SO 

now y\J = 0*3 s e c - 1 

and <j>30 = 1 0 " 1 2 Amp V~1 m~1 

T h e r e f o r e Y = 0*03 m _ 1 

Thus by t h i s model t h e d r o p l e t s w i l l a l l be r i s ­

i n g w i t h a v e l o c i t y g r e a t e r t h a n 7 m sec" 1 and t h e 

number d e n s i t y w i l l f a l l o f f e x p o n e n t i a l l y t o about 

1/3 t h e ground v a l u e a t a h e i g h t o f about 30 m. 

While i t i s d i f f i c u l t t o a s s i g n a v a l u e f o r b 

i n t h e t u r b u l e n t c o n d i t i o n s , i t i s unreasonable t o 

accept t h e mass m o t i o n o f d r o p l e t s w i t h upwards v e l o ­

c i t i e s g r e a t e r t h a n 7 m s e c " 1 , up t o h e i g h t s above 30m. 

T h i s second model i s t h e r e f o r e a l s o unable t o e x p l a i n 

th e r e s u l t s . 

4.40 A D r o p l e t B l a n k e t Model 

4.41 I n s t e a d o f a d i f f u s i o n c o e f f i c i e n t , a b l a n k e t o f 

d r o p l e t s , o f t h i c k n e s s L, w i l l be c o n s i d e r e d . I t i s 



p o s t u l a t e d t h a t t h e d r o p l e t s are p r o j e c t e d i n t o i t by 

s p l a s h i n g . 

To s i m p l i f y t h e c a l c u l a t i o n i t w i l l be assumed 

t h a t t h e r a t e o f i n j e c t i o n o f d r o p l e t s i n t o t h e b l a n k e t 

i s t h e same a t a l l l e v e l s and e q u a l t o Am"3sec""1 . Other 

symbols remain t h e same as i n 4.30 ex c e p t t h a t 8 i s 

ta k e n t o be zero above ground l e v e l and 0 O i s t h e r a t e 

o f p r o d u c t i o n o f d r o p l e t s . 

6 0 = AL 
A = hN = IBL NUVS Z < L ( 4 . 4 1 i ) 

4 
S = 4go z«cL 

TTLa 2NUv 

I 0 = $E0 O 

When E changes suddenly by an amount AE t h e r e i s 

a d i s c o n t i n u o u s change i n I Q e q u a l t o (j)AE$ Q. 

The average charge a t some t i m e t i s g i v e n by 

q = q + A q { l - e x p ( - A t / s H 

I f t < L / U , t h e charge p i c k e d up by a drop r e a c h ­

i n g t h e ground a t t i m e t , d u r i n g t h e p r e v i o u s t sees 

i s g i v e n by t 

AQ = h J5" ' d t 
t=0 

= h ( q t + Aqt - ^ M { 1 - e x p ( - A t / s ) } ) 
A 

The r a i n c u r r e n t a t t h e ground, 

i o ^ t ) = i Q + NUhAq(t - | { 1 - e x p ( - A t / s ) }) 
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j j T " = NUhAqU - e x p ( - X t / s ) } 
a t t = 0, 

d i Q 

d t ~ = 0. 
I f t>L/U, t h e charge p i c k e d up by a drop r e a c h ­

i n g t h e ground a t t i m e t d u r i n g t h e p r e v i o u s t seconds 

i s g i v e n by 

AQ = h / q . d t / 
t-L/U 

-X(t-L/U) - X t 
= h { ( q + A q ) L - ^ ( e 5 - e""5") } 

U X 
The r a i n c u r r e n t a t t h e ground 

— A(t—L/U) — Xt 
i o( t-t) = i o ( t = 0 ) + N u h^<H { e - e"^"}) 

d i Q -X(t-L/U) - X t 
= NUhAq{e s _ e s } 

a t t L/U, 

d i o - i L — = NUhAqU - e x p ( - ^ ) } 
a t su 

a t t = oo 

^ ( t = 0 ) 
LQ = i o ^ . o v + NUhAqL/U 

and 3 Q = NhL 

The c u r r e n t a t t = L/U undergoes an i n f l e x i o n . 

I f L/U i s s m a l l compared w i t h S/X t h i s i n f l e x i o n w i l l 

n o t be seen i n t h e r e c o r d , F i g u r e 3.30a and t h e maximum 

s l o p e measured w i l l be t h a t a t t = L/U. 
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I f d i p = 0.5 . 1 0 " 9 Amp m"2 s e c " 1 

d t 
and A i Q = 2.5 . 1 0 " 9 Amp m~2 

when AE = 3,000 Vm"1 

from e q u a t i o n 4 . 4 1 ( i ) , 

S = 1 _ 80 
* ir a

2NUv ~ v 
= 100 sec, say. ( 4 . 4 1 i i ) 

D r o p l e t s w i l l n o t be p r o j e c t e d above 4m so t h a t 

L < 1 _ S XL -»• XL 
U 10 X a n d 1 " e x P {" SU} SU 

d i ^ „ . . X L X „ , d t ^ = NUhAq s „ = s 3pAq 

A i Q = BpAq 

From t h e r e c o r d s , 

d i p 
d t 
A i p 

k = 0.2 se c " 1 

o r £ = 5 sec ( 4 . 4 1 i i i ) 
X 

4.42 The two v a l u e s f o r S/X ( 4 . 4 1 i i ) and ( 4 . 4 1 i i i ) , 

o f 80/v and 5 sees r e s p e c t i v e l y a r e o b t a i n e d by con­

s i d e r i n g i n t h e f i r s t case t h e r a t e a t which t h e r a i n 

i s a b l e t o sweep any suspended m a t t e r o u t o f t h e a i r , 

the t i m e c o n s t a n t i s n e a r l y t h e same as t h a t f o r w e t t i n g 

c o m p l e t e l y a h o r i z o n t a l s u r f a c e , and i n t h e second 

case t h e r a t e o f r e c o v e r y o f p r e c i p i t a t i o n c u r r e n t t o 

a s t e p change i n f i e l d . T h e i r g r o s s d i f f e r e n c e shows 



t h a t a mere sweeping o u t o f suspended charge alone can 

n o t be used t o e x p l a i n t h e e f f e c t s observed. 

4.43 Splash T r a j e c t o r i e s 

I f t h e r a i n cannot sweep o u t t h e suspended 

charge q u i c k l y enough, t h e d r o p l e t s may themselves 

p r e c i p i t a t e o u t . Consider a d r o p l e t d i a m e t e r d p r o ­

j e c t e d v e r t i c a l l y w i t h a v e l o c i t y V Q m s e c " 1 . 

rag + 6Trc|nx + mx" = 0 
1 

w h i c h i s o f t h e f o r m , 

A + Bx + Cx" = 0 

whose s o l u t i o n i s 
-B t 

x = + V D) £ ( 1 - e c ) -
B B B 

Now — = Rig/6 ndn = 2d 2pg/36n B z 
i s t h e t e r m i n a l v e l o c i t y = V̂ -, say, 

and — = m/6-rrdn = 2d 2p/36n B z 
i s t h e t i m e c o n s t a n t w i t h w h i c h t h e p a r t i c l e approach­

es t h e t e r m i n a l v e l o c i t y = V^/g. 

x = 0 

when A t = (| + v 0 ) £ ( 1 - e x p ^ } ) 

The R.H.S. cannot be b i g g e r t h a n + V 0 ) £ so t h e 
B 

maximum t i m e o f f l i g h t 

: (l + v i m

 (l + v°> 
A g 
B 
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and t h i s w i l l n o r m a l l y be l e s s t h a n one second as 

p o i n t e d o u t i n paragraph 4.11 . 

However, i f t h e s p l a s h i n g o ccurs above ground 

l e v e l — o n a l e a f f o r i n s t a n c e — o r i f t h e r e i s t u r b u l e n t 

a i r f l o w o ver t h e ground, such d r o p l e t s w i l l be d i f ­

f u s e d upwards and t a k e more t i m e t o p r e c i p i t a t e down 

t o ground l e v e l . The measured l o n g t i m e c o n s t a n t de­

mands t h a t e i t h e r a l l s p l a s h d r o p l e t s are d i f f u s e d 

upwards b e f o r e f a l l i n g t o ground o r t h a t o n l y those 

convected upwards are charged o r t h a t o n l y those t h a t 

are c onvected upwards e n t e r t h e r a i n r e c e i v e r . The 

p r e c a u t i o n s t o a v o i d d i r e c t s p l a s h i n g suggest t h a t t h e 

t h i r d c o n d i t i o n a t l e a s t i s t r u e . 

4.44 Magnitude o f Splash E f f e c t 

The r e s u l t s o f Gregory, G u t h r i e and Bunce (1959) 

suggest t h a t each r a i n drop w i l l produce o f t h e o r d e r 

200 d r o p l e t s o f d i a m e t e r about 100 m i c r o n s . 3,000 

drops m sec A w i l l t h e n produce 6 x 10^ d r o p l e t s 

m * sec . I f these were c o n v e c t i v e l y d i s t r i b u t e d 

w i t h i n t h e l o w e s t 0.5 m, t h e t i m e c o n s t a n t f o r s e t t l i n g 

o u t w i l l be o f t h e o r d e r 3 sec and t h e r e w i l l be a 

d e n s i t y o f 3.6 x 10^ d r o p l e t s m"^. I f t h e y were i n i ­

t i a l l y uncharged, these d r o p l e t s would a c q u i r e charge 
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by capturing the p o s i t i v e s m a l l ions a t a r a t e d e r i v e d 

by Whipple and Chalmers (1944). 

i 2 F + * 2 

3a*F 
dq _ -Trneo>(3a 2F + q/4Tre Q) 

I f q = 0 

^ = -3imewa 2F 

nea)F 0 = J Q cannot be estimated from the r a t e of 

recovery of e l e c t r i c f i e l d because the space charge 

never r i s e s above the f i e l d m i l l . I f the fol l o w i n g 

v a l u e s are taken f o r the storm of November 4 f 1965, 

e 1.6 x 1 0 " l 9 c 

F = -3 x 10 3 Vm"1 

to 2 x 10"* m*sec" 1 V" 1 

a 5 x 10"5m 

n i s indeterminate but has an upper l i m i t such t h a t the 

space charge forms complete s h i e l d i n g f o r the e l e c t r i c 

f i e l d a t the ground. 

"max. *
 2E I 2

 - 3 x 1 0 1 1 m" 3 

ne = 5 x 10" 8 coulomb m~3 

Thus, the maximum 

g2 = 7.10" 1 6 coulomb s e c - 1 

The maximum charge, q max. » *-s independent of n. 



<5max. = 4 l T e o • 3 a 2 F 
= 25 . 1 0 " 1 6 coulomb 

A f t e r 3 sec f a l l i n g , the d r o p l e t charge may be as 

l a r g e as 1 0 " 1 5 coulomb i f n i s as l a r g e as 3 x 1 0 1 1 m~ 

A production of 6 x 10 5 d r o p l e t s m~2 s e c " 1 would pro­

duce a maximum c u r r e n t of 6 x 1 0 " 1 0 amp m~2 which i s 

s t i l l too s m a l l to e x p l a i n the o b s e r v a t i o n s . 

However, the d r o p l e t s may already be charged by 

s p l a s h i n g before they acquire a d d i t i o n a l charge by 

ion capture. I f each d r o p l e t a c t s as a dipole with 

i t s r e f l e c t i o n j u s t before s e p a r a t i o n i t w i l l c a r r y a 

charge q such t h a t E = 2q/4Tre 0h 2 approximately, where 

h i s the height of the charge c e n t r e . I f E were 3 x 

10 3 Vm"1 and h were 0.2 mm then q would be 10" 1 ** cou­

lomb which would be more than enough to e x p l a i n the 

r e s u l t s . An i n i t i a l charge of only 1 0 " 1 5 coulombs 

would be doubled by ion capture and would c r e a t e a 

p r e c i p i t a t i o n c u r r e n t of the r i g h t order of magnitude. 

4.50 F u r t h e r Considerations 

4.51 A normal wind during a t r o p i c a l thunderstorm i s 

more than one metre per second—sometimes much more— 

so t h a t d r o p l e t s produced by the few drops which h i t 
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the s h i e l d i n g rods w i l l d r i f t a few metres down wind 

i n the seconds they take to f a l l and w i l l not enter 

the r e c e i v e r . I f the p r e c i p i t a t i n g s p l a s h d r o p l e t 

model i s c o r r e c t , those e n t e r i n g the r e c e i v e r were pro­

duced a few metres upwind. At the s i t e , a paved d r i v e ­

way was i n j u s t t h i s p o s i t i o n and may have been the 

source of the charged d r o p l e t s . 

The process of s p l a s h i n g on a paved driveway i n 

heavy r a i n may w e l l i n c l u d e the b u r s t i n g of bubbles 

which i s an e f f e c t i v e method of p r o j e c t i n g charged 

d r o p l e t s with high v e l o c i t i e s (Blanchard, 1963). 

T h i s f a c t o r was not s t u d i e d a t the time the measure­

ments were made and could be a p r o f i t a b l e s u b j e c t f o r 

future work. 

Splashing on l e a v e s of shrubs and atomization of 

s u r f a c e water i n the very high f i e l d s p r esent must 

a l s o be considered as l i k e l y c o n t r i b u t o r s to the drop­

l e t blanket hypothesized. 

4.52 F u r t h e r a n a l y s i s of the Whipple-Chalmers model 

would give a height when the charge on the r a i n drops 

changes s i g n . Everywhere except near the ground Q i s 

much l e s s than and can be taken as 0, The charge 

c o l l e c t e d w i l l then be 
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U 

o 

where G i s the height of the s i g n change. 

newF = J which w i l l never be g r e a t e r than J Q and 

a value f o r G which i s too low by a f a c t o r of the order 

2 w i l l be given by 

G = °Qo 
3 i r a z J 0 

7.10 8 m 

which i s f a r too high to be an acceptable value and 

t h i s strengthens the case t h a t the charge i s brought 

to e a r t h by other than the Whipple-Chalmers model. 



CHAPTER V 

EVAPORATION CURRENT 

5.1 Zero D r i f t 

A d r i f t i n the zero reading of the r a i n c u r r e n t 

r e c e i v e r was no t i c e d when the bucket contained a l i t t l e 

water. This d r i f t returned to zero when the bucket 

d r i e d out. The spurious c u r r e n t could be explained as 

e i t h e r an evaporation c u r r e n t or as a t h e r m o e l e c t r i c 

c u r r e n t through d i r t y i n s u l a t o r s caused by the tem­

perature d i f f e r e n c e s s e t up by the evaporation. An 

experiment was performed to i n v e s t i g a t e the p o s s i b i l i t y 

of an evaporation c u r r e n t though previous work sug­

gests i t i s too sma l l to be measured. For a review, 

see Chalmers (1967). 

5.2 Apparatus 

The apparatus was s e t up as i n Figu r e 5.20a. A 

f l a t d i s h containing an aqueous s o l u t i o n a t j u s t l e s s 

than 100°C was placed a t the centre of a hole, i n a 

lar g e f l a t grounded sheet of aluminium, on a heated 
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brass block standing on polystyrene i n s u l a t o r s with 

an asbestos sheet p r o t e c t i n g them. As the l i q u i d slow­

l y cooled, v a r i o u s e l e c t r i c f i e l d s were applied by 

r a i s i n g the p o t e n t i a l of a covering sheet to v a r i o u s 

v o l t a g e s . 

The d i f f e r e n t l i q u i d s i n v e s t i g a t e d included d i s ­

t i l l e d water, r a i n water and s a t u r a t e d s a l t s o l u t i o n . 

5.3 R e s u l t s 

A c u r r e n t was measurable f o r f i e l d s g r e a t e r than 

about: 10 Vm - 1. 

(The V.R.E. maximum s e n s i t i v i t y was 3 x 10"* 5 amp 

f u l l s c a l e d e f l e c t i o n but noise prevented measurements 

below t h i s value.) However, the c u r r e n t was always of 

the order 10~ l <* Ea where E i s the f i e l d i n Vm~l and a 

i s the area of the d i s h i n m2. l O - 1 1 * mho m"1 i s the 

c o n d u c t i v i t y of a i r , approximately, and i t was con­

cluded t h a t evaporation c u r r e n t , i f any, must t h e r e f o r e 

be l e s s than conduction c u r r e n t and could not be mea­

sured with the apparatus as s e t up. I t was f u r t h e r 

concluded t h a t any evaporation must a l s o be too sma l l 

to give a measurable d e f l e c t i o n i n the r a i n c u r r e n t 

d e t e c t o r . 

Cleaning the i n s u l a t o r s i n the r a i n c u r r e n t de­

t e c t o r e l i m i n a t e d the ( t h e r m o e l e c t r i c ) zero d r i f t . 



CHAPTER VI 

THE PEPEL PROJECT 

6.0 The Lane-Smith r e s i d e n c e , K.22 Fourah Bay College 

Figure 2.5b, i s a t a height of 350 m and has a pano­

ramic view of the S i e r r a Leone r i v e r and the country 

beyond, Fig u r e 6.1a. Thunderstorms can be observed 

b u i l d i n g up and moving down the r i v e r . The occurrence 

of a warm thunderstorm i n i t i a t e d t h i s p r o j e c t . 

Many of the t h e o r i e s of thunderstorm e l e c t r i ­

f i c a t i o n (Simpson and S c r a s e , 1937; Chalmers, 1943; 

Workman and Reynolds, 1950; Reynolds, Brook and Gour-

l e y , 1957; Latham and Mason, 1961) have invoked the 

presence of i c e as a p a r t i c i p a n t i n the generation of 

e l e c t r i c charge, and numerous arguments i n favour of 

these ideas have been brought forward. 

However, there have been s e v e r a l r e p o r t s of 

thunderstorms i n which i t would seem t h a t the tempera­

ture everywhere i n s i d e the storm was above 0°C and so 
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i c e could not be present ( F o s t e r , 1950; Appleman, 

1957; Moore, Vonnegut, S t e i n and S u r v i l a s , 1960; 

P i e t r o w s k i , 1960; Michnowski, 1963; Houghton, 1969). 

Some of the pr o t a g o n i s t s of i c e t h e o r i e s have 

thrown doubt on the accuracy of the i d e n t i f i c a t i o n of 

these storms as "warm" storms and i t i s h i g h l y d e s i r ­

able t h a t examples of such storms should be f u l l y au­

t h e n t i c a t e d . There appears l i t t l e room f o r doubt i n 

the following account. 

6.1 The Warm Thunderstorm 

At 17.15 on September 17, 1965, the sky was blue 

with some s c a t t e r e d cumulus and a s i n g l e i s o l a t e d thun­

derstorm over the port of Pepel a t a d i s t a n c e of about 

21 km to the E.N.E., Figure 6.1a. The l o c a t i o n of the 

storm could be v e r i f i e d by the r a i n from i t o b l i t ­

e r a t i n g the view of the l i g h t s a t Pepel, F i g u r e 6.1b. 

Immediately i n f r o n t of Pepel i s Tasso I s l a n d and t h i s 

was used as a 'yard s t i c k ' to measure the height of 

the v i s i b l e top of the cloud, s i n c e the height of the 

cloud subtended, a t the observer, an angle a l i t t l e 

l e s s than t h a t subtended by the i s l a n d , n e a r l y the 

same d i s t a n c e away. T h i s observation placed the top of 

the cloud a t a height of 3,000 + 600 m. 
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FIGURE 6.]b A WARM THUNDERSTORM 



At t h i s time of year i n the e a r l y evening the 

ambient s e a - l e v e l temperature i s 27 ± 3°C. Assuming 

the cloud base to be a t 300 m and assuming the s a t u r a ­

ted a d i a b a t i c l a p s e - r a t e w i t h i n the cloud, the temper­

ature a t the top of the cloud comes to 11 + 5°C. To 

reach a temperature of 0°C would r e q u i r e , under these 

c o n d i t i o n s , a height of 5,300 + 700 m. The normal 

f r e e z i n g l e v e l i s about 5,600 m, which helps to confirm 

the present c a l c u l a t i o n s . 

To reach the height f o r f r e e z i n g and s t i l l sub­

tend the same angle, the storm would have had to be 37 

i 7 km away and could not have produced p r e c i p i t a t i o n 

only 21 km away. 

The storm was observed to giv.e one f l a s h of l i g h t ­

ning w i t h i n the cloud. At 21 km, of course, the thunder 

was not heard. There may have been other f l a s h e s p r i o r 

to the one observed. 

6.2 D i s c u s s i o n of the Warm Storm 

The storm described was c e r t a i n l y one i n which 

l i g h t n i n g occurred and y e t one i n which no i c e could 

have been present. The f i r s t q uestion which a r i s e s i s 

why such storms have been so r a r e l y reported, One answer 

may be t h a t the conditions under which they can be ob-
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served and d e f i n i t e l y c h a r a c t e r i s e d are not common; i f 

other storm clouds had been present at the same time, 

the i d e n t i f i c a t i o n of t h i s one as a "warm" storm might 

not have been p o s s i b l e . A second answer may be t h a t 

these storms are themselves r a r e ; i f t h i s p a r t i c u l a r 

storm had developed more i n t e n s e l y , i t would have r i s e n 

another 2,000 m and would no longer have been a warm 

storm; i f i t had developed a l i t t l e l e s s , no l i g h t n i n g 

might have occurred. A l s o , a s i m i l a r - s i z e d storm i n a 

c o l d e r climate would have already reached the f r e e z i n g 

l e v e l a t 3,000 m. 

The next question i s t h a t of the process of charge 

s e p a r a t i o n a t work. I f i t i s the same process as oc­

curs i n the main s e p a r a t i o n of charge i n the normal 

thundercloud, then t h i s must be q u i t e independent of 

i c e and a l l those t h e o r i e s which invoke i c e must be 

wrong. I f the process i n the warm thunderstorm i s the 

same as t h a t which g i v e s r i s e to the lower p o s i t i v e 

charge i n the normal storm, then t h i s process cannot be 

melting, as has sometimes been suggested. 

I f the p o l a r i t y of a warm storm could be d e t e r ­

mined, one or other of these suggestions would be e l i m ­

i n a t e d ; but so f a r , nobody with instruments has been 
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able to get near enough to a warm thunderstorm even to 

measure i t s p o l a r i t y . I t was decided, t h e r e f o r e , to 

t r y to measure the p o l a r i t y of others s i m i l a r . 

I f i t should turn out t h a t the p o l a r i t y i s the 

same as t h a t of the normal cloud, the problem then i s 

whether the process a t work i s the same as t h a t i n the 

normal cloud, or d i f f e r e n t . 

Another point to consider i s t h a t other clouds, 

of s i z e s s i m i l a r to t h a t d e s c r i b e d , have been observed 

to give heavy p r e c i p i t a t i o n but no l i g h t n i n g . T h i s sug­

g e s t s t h a t e l e c t r i c a l development r e q u i r e s some form 

of t r i g g e r i n g which occurred i n the storm d e s c r i b e d 

but not i n other c a s e s . 

6.3 Experimental P r o j e c t 

When i t was r e a l i z e d , a f t e r the c a l c u l a t i o n s , 

t h a t the storm observed was indeed warm, the p o s s i ­

b i l i t y of another occurrence was considered and i t was 

decided to make preparation f o r t h i s event. From t h a t 

day a d i a r y of storm events was maintained and a sex­

t a n t was kept i n the house f o r more accurate height 

measurements. 

A f i e l d s i t e was negotiated with the S i e r r a Leone 

Development Company at Pepel where a f i e l d m i l l was s e t 
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up, F i g u r e 6.3a, which recorded the f i e l d a t 15 sec 

i n t e r v a l s . The i n t e n t i o n was t h a t a t the next occur­

rence of a warm thunderstorm over Pepel there would be 

a record of the e l e c t r i c f i e l d beneath i t . 

A camera and s e x t a n t were taken aboard a l i g h t 

a i r c r a f t owned by the S i e r r a Leone S e l e c t i o n T r u s t , 

used f o r commuting from Freetown to Yengema, 200 m i l e s 

up country, to look f o r warm thunderstorms and measure 

the height of t h e i r cloud tops. 

A 16 mm movie camera was borrowed from P r o f e s s o r 

F.H. Ludlam fo r one year and, except when the supply of 

f i l m ran out and there was no money to buy more, time-

lapse c i n e of i n t e r e s t i n g clouds over Pepel and the 

S i e r r a Leone R i v e r were taken. A copy of t h i s f i l m 

i s deposited i n the l i b r a r y with t h i s t h e s i s a t the 

U n i v e r s i t y of Durham. Another copy i s with P r o f e s s o r 

F.H. Ludlam a t I m p e r i a l C o l l e g e , London and another 

with the author. A schedule of f i l m i n g , with some gen­

e r a l comments, i s included i n Appendix D. 

6.4 R e s u l t s 

At no time a f t e r September 17, 1965, was another 

warm thunderstorm observed. However, the movie f i l m 

provided i n t e r e s t i n g i n s i g h t i n t o the flow p a t t e r n s of 
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thunderstorms and one c o r r e l a t i o n of flow p a t t e r n with 

e l e c t r i c f i e l d . 

The ' r o l l e r ' clouds i n f r o n t of, and j u s t below, 

the thunderstorm cannot, i t seems, be formed by a i r r i s i n g 

from below as condensation would not normally occur u n t i l 

the height of the main cloud base was reached. The clouds 

are r o l l i n g such t h a t the lower s u r f a c e i s moving away from 

the storm which suggests t h a t the downdraft i s moving 

forward from below the storm and i s d e f l e c t e d upwards to 

form these clouds. Such a flow would preclude the e x i s t e n c e 

of an updraft from ground l e v e l i n f r o n t of the downdraft 

as has been suggested (Auer, V e a l and Marwitz, 1969). 

The timing of the recorder a t Pepel depended on the 

frequency of the supply which was not intended to operate 

e l e c t r i c c l o c k s and t h e r e f o r e v a r i e d . The recorder gained 

7 + 1 minute per day. As the event on October 13, 1967, 

occurred 20 days a f t e r i n s t a l l i n g the c h a r t , the record 

timing may be out by as much as 20 minutes. 

At 18.30 t h a t evening, a cloud i n f r o n t of a storm 

mushroomed up, j u s t by Pepel, from 4 to 11 km i n 15 

minutes with a sustained v e r t i c a l v e l o c i t y of the cloud top 

of about 8 m sec 

The 1 hr. 58 min. f i l m i n g on October 13, 1967, 
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used 962 frames a t 0.1228 min. i n t e r v a l s . F i g u r e 6.4b 

shows the height readings taken d i r e c t l y from the f i l m . 

Tasso was 4.85 cm long on the f i l m image used which cor­

responded to a d i s t a n c e o f 4.35 km at a range of 22 km. 

Thi s provided the height s c a l e used. The horizon was 

taken to be 150 m above ground a t the range of the 

cloud. 

Frame Number from 
Beginning of 

Sequence 
Time 
G.M.T. 

Height of Cloud 
T o p k m . 

780 18.32 4 .68 

806 18.35 5.49 

829 18.38 6.84 

854 18.41 8.64 

884 18 .45 10.71 

962 18.54 11.70 

Figure 6.4b 

I t can be seen, Figure 6.4a, t h a t the e l e c t r i c 

f i e l d grew as the cloud height grew. Such a behaviour 

i s compatible with a convective theory of e l e c t r i f i c a ­

t i o n (Vonnegut, 1965) . Even i f the f i e l d occurred as 

much as 20 minutes l a t e r , the growth would seem to be 

too r a p i d and too e a r l y f o r g r a v i t a t i o n a l s e p a r a t i o n . 
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CHAPTER V I I 

CONCLUSIONS 

7.0 The conclusions are d i v i d e d i n t o t o p i c s and each 

t o p i c i s subdivided i n t o what was achieved and sugges­

t i o n s f o r future work. 

7.1 Instrumentation 

U s e f u l measurements were made with instruments 

designed to record e l e c t r i c f i e l d , p r e c i p i t a t i o n cur­

rent and r a t e of r a i n f a l l . 

With present knowledge and technology, i t would 

be easy to b u i l d a more s e n s i t i v e amd more p r e c i s e 

f i e l d m i l l . However, the importance shown by t h i s 

t h e s i s of processes o c c u r r i n g w i t h i n the lowest h a l f 

meter above the ground demand t h a t , i n heavy r a i n , a 

m i l l be p o s i t i o n e d to measure the a c t u a l e l e c t r i c 

f i e l d a t ground l e v e l . Such a m i l l would be s i t u a t e d 

i n a p i t i n which s p l a s h i n g was e l i m i n a t e d . 

82 
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Rain c u r r e n t d e n s i t y measurements were made with 

a s h i e l d e d r e c e i v e r which minimized the e f f e c t s of 

displacement c u r r e n t , conduction c u r r e n t and d i r e c t 

s p l a s h i n g . 

Such an instrument was very w e l l adapted to de­

t e c t and measure the important c o n t r i b u t i o n made by 

the t u r b u l e n t d i f f u s i o n of s p l a s h d r o p l e t s . To i n ­

v e s t i g a t e the charge on the r a i n drops alone, i t would 

be d e s i r a b l e to make measurements p r e f e r a b l y on i n d i ­

v i d u a l drops (Smith, 1955) or to use an exposed r e ­

c e i v e r (Ramsay and Chalmers, 1960) i n which compensa­

t i o n may be made f o r displacement c u r r e n t and conduction 

c u r r e n t and where s p l a s h i n g o f f the r e c e i v e r w i l l be 

n e a r l y equal to s p l a s h i n g i n t o the r e c e i v e r . 

7.2 P r e c i p i t a t i o n Current 

The r e s u l t s show t h a t i n a d d i t i o n to the r a i n 

c u r r e n t due to the charge c a r r i e d on the r a i n drops, 

there i s a l a r g e c u r r e n t io' due to p r e c i p i t a t i o n of 

the d r o p l e t b l a n k e t and a s i g n i f i c a n t c u r r e n t , i 0 " , 

due to displacement c u r r e n t . To obt a i n the r a i n c u r ­

r e n t alone, these two c o n t r i b u t i o n s must be su b t r a c t e d 

from the o v e r a l l c u r r e n t measured. The d r o p l e t c u r ­

r e n t d e n s i t y a t some i n s t a n t may be expressed by the 
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equation 
- t 

i n = - I l n . e T . dt 
t=0 

where t i s time before the i n s t a n t , T i s the time 

' 1 f T T 

L 0 = - / I o • e 

T J ( t ) 

constant f o r dr o p l e t p r e c i p i t a t i o n and I 0 i s the 
(t) 

c u r r e n t d e n s i t y i n t o the dr o p l e t blanket by s p l a s h i n g 

and ion capture a t time t . 

where $ i s the mean charge per dr o p l e t per u n i t e l e c ­

t r i c f i e l d , 3 Q i s the r a t e of i n j e c t i o n of d r o p l e t s 

i n t o the d r o p l e t blanket and E f c i s the e l e c t r i c f i e l d 

a t time t . 

<j>B0 and x would be expected to vary with r a t e of 

r a i n f a l l and wind speed and, perhaps, e l e c t r i c f i e l d . 

The mean values of <j>B0 and T f o r the three storms are 

shown i n Figure 7.2a. 

Date x <j>3r 

October 24, 1965 3.6 sec 0.99 x 1 0 " 1 2 Amp V"lm~ 

November 4, 1965 3.2 sec 0.87 x 1 0 " 1 2 Amp V" xvf 

June 7, 1966 2.5 sec 3.96 x 1 0 " 1 2 Amp V~ 1m~ 

Figure 7.2a 

The displacement c u r r e n t i s s i g n i f i c a n t only when 
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there i s a l a r g e change i n E i n a time s m a l l compared 

with the time constant of the r a i n r e c e i v e r , x2> T n e 

ii 
c u r r e n t , i Q , to be subtracted i s given by 

00 

i 0 " = X ^ AEg ( t )efT 

t=0 

where x i s t n e displacement c u r r e n t per u n i t p o t e n t i a l 

g r a d i e n t change a t the time of the charge and t i s the 

time p r i o r to the i n s t a n t i n question. 
A E ( t ) = E ( t + 6 t ) " E ( t ) 

where E ( t ) i s the f i e l d a t time t and 6t i s any con­
s t a n t time i n t e r v a l s m a l l compared with 

For the r a i n r e c e i v e r used, -X had the value 2.15 

x 1 0 " 1 3 Amp V - 1m - 1 and 12 was 1.5 s e c . 

I t i s not d i f f i c u l t to w r i t e a computer program 

to compute and s u b t r a c t i Q and i Q from the record 

of i Q and p l o t the r e s u l t i n g r a i n c u r r e n t d e n s i t y 

a g a i n s t e l e c t r i c f i e l d . Such a procedure i s one sug­

g e s t i o n f o r future work 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 

using e i t h e r the author's r e s u l t s or new measurements 

i n any p a r t of the world, not only the t r o p i c s . 

7.3 Splashing 

The r e s u l t s show t h a t i n heavy r a i n i n the presence 
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of a high e l e c t r i c f i e l d and a strong wind, charged 

d r o p l e t s of probably about 100u diameter are c a r r i e d by 

turbulence to h e i g h t s , above t h e i r t r a j e c t o r y i n s t i l l 

a i r , of the order 0.5m and p r e c i p i t a t e out downwind 

a d i s t a n c e of the order T'.(wind speed),. 

The c u r r e n t d e n s i t y i n t o the ground due to the 

p r e c i p i t a t i o n of these d r o p l e t s i s of the same order 

of magnitude as the r a i n c u r r e n t i t s e l f . The net con­

t r i b u t i o n a t a place where s p l a s h i n g takes p l a c e i s 

on average, of course, n e a r l y zero. 

S p e c i f i c suggestions f o r f u r t h e r work i n t h i s 

area i n c l u d e the f o l l o w i n g : 

a) A thorough i n v e s t i g a t i o n , t h e o r e t i c a l and 

experimental, of the t u r b u l e n t t r a n s f e r of 

slowly p r e c i p i t a t i n g p a r t i c l e s near the 

ground. Previous work has been done on 

blow sand, sediment t r a n s p o r t i n water and 

the d i f f u s i o n of very f i n e p a r t i c l e s ( A l l e n , 

1968; Bagnold, 1966; Chamberlain, 1966) but 

none i s d i r e c t l y a p p l i c a b l e to the t r a n s p o r t 

of s p l a s h d r o p l e t s . 

b) Measurements of d r o p l e t mass, v e l o c i t y , 

d i r e c t i o n and charge fo r a range of drop s i z e s 
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and s u r f a c e s . The most s a t i s f a c t o r y measure­

ments published so f a r seem to be those of 

Gregory, Guthrie and Bunce (1959). 

c) The d i f f i c u l t problem of measuring the drop­

l e t d e n s i t y , mass spectrum and charge spec­

trum a t va r i o u s heights i n a c t u a l , heavy, 

thunderstorm r a i n . The author i s not aware 

of any attempts to make these measurements. 

An i n t e r e s t i n g development would be to c o n s t r u c t 

a p i t some 100 m diameter covered by wire mesh at 

ground l e v e l . T h i s would provide a ground plane on 

which to make measurements i n the absence of the b l a n ­

ket of s p l a s h d r o p l e t s . Two purposes would be served; 

to avoid complications i n measuring other parameters, 

such as r a i n c u r r e n t , and to provide a c o n t r o l e x p e r i ­

ment when i n v e s t i g a t i n g the s p l a s h i n g . 

7.4 Evaporation 

No s i g n i f i c a n t e l e c t r i f i c a t i o n due to evaporation 

was detected. 

7.5 Pepel P r o j e c t 

One warm thunderstorm was observed but never 

again. Some f a s c i n a t i n g time lapse movie of developing 
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clouds and thunderstorms were shot. E l e c t r i c f i e l d 

measurements made a t Pepel during one sequence of 

f i l m i n g suggest t h a t a convective process r a t h e r 

than p r e c i p i t a t i o n i s r e s p o n s i b l e f o r the e l e c t r i f i c ­

a t i o n . 

The obvious suggestion for future work i s more 

of i t . The author hopes f o r the opportunity to r e t u r n 

to S i e r r a Leone to s e t up more and b e t t e r instruments 

a t Pepel and more and b e t t e r cameras a t Fourah Bay 

Co l l e g e . T h i s would enable a more d e f i n i t e r e l a t i o n s h i p 

to be e s t a b l i s h e d between the e l e c t r i c a l a c t i v i t y of a 

storm and the c h a r a c t e r i s t i c s of the v i s i b l e cloud. 



APPENDIX A 

THE EFFECT OF THE GROUNDED RODS 

A. 0 A f i n i t e conducting c y l i n d e r i n an e l e c t r i c f i e l d 

i s d i f f i c u l t to analyze because of the d i s c o n t i n u i t i e s . 

However, some aspects of a p r o l a t e spheroid have been 

t r e a t e d i n the l i t e r a t u r e (Smythe, 1950; P i c c a , 196 8) 

but, to the author's knowledge, the s h i e l d i n g e f f e c t 

has not been c a l c u l a t e d . 

A . l Background 

The rod may be approximated to a conducting spher­

o i d a l boss of height ci and base radius b. Using c y l i n ­

d r i c a l coordinates such t h a t z = z, x = p s i n <f> and y = 

p cos the rod i s described by 

Thi s i s one of a family of p r o l a t e spheroids 

d e s c r i b e d by 

1 z>0 ( A . l i ) 

b* + 0 c* + 0 1 z>0 ( A . l i i ) 
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L e t c 2 + 0 = ( c 2 - b 2 ) n 2 

then Smythe (1950) shows t h a t the p o t e n t i a l , V, 

around the spheroid when placed i n a uniform f i e l d , E, 

p a r a l l e l to the z a x i s i s given by^ 
V = Ez (1 - c o t h ^ n - W? 

c o t h ^ n o - — 
^o 

where n Q = c ( c 2 - b 2 ) - i 5 and E i s p o s i t i v e i f V i n ­

cr e a s e s with z. 

A.2 P o t e n t i a l Gradient at the Ground 

At z = 0, the s p h e r o i d a l s u r f a c e s and the e l e c ­

t r i c f i e l d are both v e r t i c a l so t h a t n has a s t a t i o n ­

ary value along a f i e l d l i n e . The p o t e n t i a l g r a d i e n t , 

then, i s given by 
1 

d v /1 coth~ ln - n v 

dz" - E ( 1 " c o t h - i n 0 - i ) ( A * 2 l ) 

Ho 
Let a form f a c t o r , 3 , equal the r a t i o of the rod 

r a d i u s to the rod height. 

B = * 
c 

Then, n Q = (1 - G 2)" 1* 

For the family of p r o l a t e spheroids given by 

equation A . l i i , the d i s t a n c e along the ground from the 

rod, d, i s given by p when z = 0, so t h a t 
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d 2 = b 2 + <J> 

= B 2 c 2 + <J> 

and n 2 = c* + * = c 2 ( 1 " P 2 ) + d* 
c 2 - b 2 c 2 (1 - B 2 ) 

From equation A . 2 i , the reduction i n e l e c t r i c 

f i e l d i s given by 
AE = E ( coth-^n - n" ) 

c o t h _ 1 n 0 - i . 
n o 

A t a b l e of values of AE/E f o r d i f f e r e n t values 

of 6 and d i s s e t out i n Figure A.2a and the r e s u l t s 

p l o t t e d i n Fig u r e A.2b. 

Table of values of AE/E f o r d i f f e r e n t values of 

d and B . 

d = 0.3c 0.5c 0.7c c 2c 

B ( = | ) AE/E 

2 x 1 0 - 1 

10" 1 

l O " 2 

l O " 3 

Figure A.2a 

These r e s u l t s c l e a r l y show t h a t f o r a t y p i c a l rod 

whose height i s 100 times the r a d i u s , the f i e l d on the 

ground a t a d i s t a n c e equal to the hei g h t of the rod i s 

reduced by l e s s than 5%. 

0.718 0.410 0.249 0.128 0.025 

0.473 0.274 0.166 0.086 0.017 

0.219 0.127 0.077 0.041 0.008 

0.143 0.083 0.050 0.027 0.005 





92 

However, i t i s easy to show ( P i c c a , 1968) t h a t 

the f i e l d at the t i p of t h i s same rod i s over 2,000 

times the ambient f i e l d and t h e r e f o r e i n stormy wea­

ther p o i n t discharge w i l l take p l a c e . There w i l l , 

t h e r e f o r e , be a region downwind of the rod i n which 

space charge giv e s a much more complete s h i e l d i n g f o r 

slow v a r i a t i o n s i n e l e c t r i c f i e l d . 



APPENDIX B 

FURTHER INSTRUMENTATION 

B.0 Considerable time and e f f o r t was spent i n de­

veloping an automated system to measure and record 

the charge, mass and v e l o c i t y of a v a s t number of 

drops together with sampled values of up to 10 d i f ­

f e r e n t parameters immediately a f t e r each drop measure­

ment. The system was completely designed and one of 

every c i r c u i t module was b u i l t and t e s t e d . A tape 

punch was purchased and the b u f f e r e l e c t r o n i c s de­

signed. Unfortunately, lack of the s e r v i c e s of a 

t e c h n i c i a n to b u i l d the instrument prevented the com­

p l e t i o n of the p r o j e c t . 

The p r o j e c t was r e v i v e d when a Tektronix type 

547 o s c i l l o s c o p e with a remote c o n t r o l s i n g l e shot 

f a c i l i t y became a v a i l a b l e through U.S. A.I.D. and a 

camera with remote c o n t r o l f i l m wind was purchased 

through U.K. t e c h n i c a l a s s i s t a n c e . I t was hoped to 



measure the charge mass and v e l o c i t y of some s i n g l e 

drops i n a manner s i m i l a r to Smith (1955). 

Unfortunately, j u s t as c a l i b r a t i o n was proceed­

i n g , the high voltage transformer i n the o s c i l l o s c o p e 

burnt out and the p r o j e c t was once more brought to a 

h a l t . The replacement p a r t s had not a r r i v e d when the 

author l e f t S i e r r a Leone s e v e r a l months l a t e r . 

T h i s b r i e f account i s included i n the t h e s i s 

p a r t l y because of the time and e f f o r t spent i n the pro­

j e c t and p a r t l y because the idea of the experiment i n 

t h i s form i s new and there are one or two novel s o l u ­

t i o n s to problems which a r i s e . 

B . l S i n g l e Drop Detector 

The ironware was b a s i c a l l y the same as t h a t used 

by Smith (1955) with a c o l l i m a t o r , two separate r i n g s 

and a p a r a l l e l p l a t e c a p a c i t o r between them. The only 

s i g n i f i c a n t d i f f e r e n c e was t h a t there were separate 

a m p l i f i e r s f o r the two r i n g s . 

To make the charge pulse independent of the drop 

v e l o c i t y i t was necessary to ensure t h a t the input time 

constant to the pulse a m p l i f i e r s was much longer than 

the t r a n s i t time of the slowest drop. 

A long time constant, g r e a t e r than 1 second, was 



obtained by employing an M E 1400 electrometer va l v e 

at the f r o n t end of the p r e a m p l i f i e r and c a p a c i t a t i v e 

' M i l l e r ' feedback over the f i r s t three s t a g e s . 

B.2 O s c i l l o s c o p e System 

A four t r a c e plug-in u n i t was used. The two 

charge p u l s e s were mixed together and d i s p l a y e d i n 

the f i r s t t r a c e . The 'mass* pulse from the change i n 

frequency of the o s c i l l a t o r c o n t r o l l e d by the c a p a c i t o r 

between the two r i n g s was d i s p l a y e d i n the second t r a c e . 

The output of an asymmetric f i e l d m i l l (Lane-Smith, 

1967) was d i s p l a y e d i n the t h i r d t r a c e and the fourth 

t r a c e was a v a i l a b l e f o r a p r e c i p i t a t i o n c u r r e n t samp­

l i n g . The four t r a c e s were chopped. The sweep c o n t r o l 

was s e t f o r s i n g l e shot operation. The camera s h u t t e r 

was l e f t open. The scope had to t r i g g e r on both p o s i ­

t i v e and negative charge p u l s e s so a t r i g g e r pulse 

generator, Figure B.2a, was cons t r u c t e d . 

An output on the o s c i l l o s c o p e c a l l e d +Gate B gave 

a 20V p o s i t i v e gating pulse during a sweep. A c o n t r o l 

c i r c u i t was b u i l t , Figure B.2b, operated by the back 

edge of the +Gate B p u l s e , which wound on the f i l m and 

then r e s e t the s i n g l e sweep on the o s c i l l o s c o p e . The 

whole system worked p e r f e c t l y and was being c a l i b r a t e d 
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when the o s c i l l o s c o p e broke down. 

B.3 Analogue to D i g i t a l Converter 

During four months spent i n the computer b u i l d ­

ing of the department of e l e c t r i c a l engineering a t 

the U n i v e r s i t y of Manchester an A/D converter was 

designed, and p a r t l y b u i l t , to do the f o l l o w i n g : 

1. To r e s e t i t s e l f and w a i t f o r a p o s i t i v e or 

negative p u l s e from the f i r s t i n d u c t i o n r i n g 

of the s i n g l e drop r e c e i v e r . 

2. To s t a r t a clock when the f i r s t p u lse 

reaches a maximum. 

3. To measure the height of the f i r s t p u l s e . 

4. To measure the height of the pulse from the 

'mass c a p a c i t o r . ' 

5. To measure the height of the pulse from the 

second r i n g . 

6. To stop the clock when the pulse from the 

second r i n g reaches a maximum and record 

the time i n t e r v a l between t h i s and the f i r s t 

p u l s e . 

7. To sample, r a p i d l y and c o n s e c u t i v e l y , a num­

ber (the design was f l e x i b l e and any number 

could be accommodated j u s t by adding modules) 
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of d i f f e r e n t ambient p a r a m e t e r s — s u c h as 

e l e c t r i c f i e l d , wind speed, p r e c i p i t a t i o n 

c u r r e n t , r a t e of r a i n f a l l , time, temperature 

and so on. 

8. To punch a l l the above information on paper 

tape, using enough b u f f e r storage to accom­

modate data w a i t i n g to be punched. 

The complete system used about 1,000 semi-conduc­

to r devices and would r e q u i r e many pages of t e x t and 

diagrams for a f u l l d e s c r i p t i o n . 

Most of the c i r c u i t r y and the l o g i c , though com­

ple x , used standard procedures de s c r i b e d i n the l i t e r ­

a t u r e , see f o r example Zacharov (1968), and w i l l not be 

descr i b e d i n d e t a i l here. A s i m p l i f i e d block diagram 

i s shown i n Figure B.3a. 

A f t e r completing a measurement c y c l e , or a f t e r 

s w i t c h i n g on, the c o n t r o l w a i t s u n t i l there i s no s i g ­

n a l on channel 1 and then s e l e c t s t h a t channel. When 

a s i g n a l i s detected, the s i g n detector operates the 

swi t c h to s e l e c t the s i g n a l or i t s i n v e r s e , whichever 

i s negative, to d r i v e the a m p l i f i e r which charges the 

storage c a p a c i t o r . At the s i g n a l peak, the time r e g i s t e r 

i s s t a r t e d and the A/D conversion performed. The channel 
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number, the s i g n a l magnitude and s i g n are placed i n 

the punch s t o r e , i f i t i s not being read by the punch 

c o n t r o l , and the tape punch records the information at 

i t s own speed. 

As soon as the information i s placed i n the punch 

s t o r e , the storage c a p a c i t o r i s discharged and the 

c o n t r o l s e l e c t s channel 2 and w a i t s f o r the raindrop to 

reach the 'mass c a p a c i t o r . ' At the s i g n a l peak a sim­

i l a r process takes p l a c e except the time r e g i s t e r i s 

not a f f e c t e d and there must be room i n the punch s t o r e 

before t r a n s f e r of information from the A/D r e g i s t e r . 

The s i g n a l peak on channel 3, the second induc­

t i o n r i n g of the s i n g l e drop r e c e i v e r , i s used to stop 

the time r e g i s t e r . When the channel number, s i g n a l 

magnitude and s i g n have been punched, the time i n t e r ­

v a l between peaks 1 and 3 i s recorded. 

The gating c o n t r o l then c y c l e s the remaining chan­

n e l s which c a r r y information, sampling the steady values 

and not looking f o r a peak. I t f i n a l l y r e s e t s i n chan­

n e l 1 to repeat the p r o c e s s . 

There are many contingency c o n t r o l s which take 

care of 

i ) asynchronism of the tape punch, 
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i i ) u n c e r t a i n t y of the content of r e g i s t e r s 

when f i r s t switched on, and, 

i i i ) the p o s s i b i l i t y of a drop e n t e r i n g the f i r s t 

r i n g but missing the other one. 

The process chosen f o r the A/D conversion was 

one of s u c c e s s i v e approximation. T h i s i s because i t 

i s f a s t (lOOyusec), every conversion takes the same 

time and the method i s i n h e r e n t l y l i n e a r and capable 

of high accuracy. The b u f f e r a m p l i f i e r provides a 

c u r r e n t d i r e c t l y p r o p o r t i o n a l to the s i g n a l being d i g -

i t a l i z e d . Current s i n k s weighted according to the 

binary system used, i n t h i s case pure b i n a r y , are suc­

c e s s i v e l y switched i n , balanced a g a i n s t the source and 

l e f t i n i f too s m a l l or switched out. A r e g i s t e r , i n ­

d i c a t i n g which s i n k s are f i n a l l y l e f t i n to balance the 

source, g i v e s the s i g n a l d i r e c t l y i n d i g i t a l form ac­

cording to the binary or other code adopted. 

B.4 Peak Detection 

I n order to time the i n t e r v a l between p u l s e s from 

the two i n d u c t i o n r i n g s , i t was necessary to d e t e c t 

the occurrence of the peak. One s i g n i f i c a n t innova­

t i o n made by the author was i n the method of peak de­

t e c t i o n . The two systems normally used were found to 
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be u n s u i t a b l e and a new p r i n c i p l e of operation had to 

be devised. 

The most obvious approach was simply to d i f f e r ­

e n t i a t e the s i g n a l and when the d e r i v a t i v e changed 

sign t h i s would i n d i c a t e a peak. Unfortunately, noise 

i n the s i g n a l would produce a lar g e number of r e v e r s a l s 

i n the slope and, t h e r e f o r e , spurious peak d e t e c t i o n . 

This system, t h e r e f o r e , could not be used. 

A method adopted i n some commercial instruments 

when a peak has to be detected i s to delay the s i g n a l 

by about a tenth of the pulse length, i n v e r t i t and 

s u b t r a c t i t from the o r i g i n a l s i g n a l . When t h i s quan­

t i t y changes s i g n , a f t e r having a value l a r g e r than 

the n o i s e , a peak i s detected. T h i s system overcomes 

the problem of noise but depends on a l l the pu l s e s 

having about the same length. The raindrop v e l o c i t i e s , 

and hence the pulse lengths i n the r e c e i v e r , v a r i e d by 

a f a c t o r of more than ten. I t was not p o s s i b l e , t h e r e ­

f o r e , to use t h i s system to time the i n t e r v a l between 

the pul s e s from the two induc t i o n r i n g s . 

The system adopted, Figure B.4a, involved the 

storage c a p a c i t o r and the b u f f e r a m p l i f i e r . As the 

s i g n a l rose so the charge on the storage c a p a c i t o r 
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SAMPLING C A P A C I T O R CHARGING AND D I S C H A R G I N G 
C I R C U I T AND PEAK D E T E C T O R 

A l l d i o d e s a r e s i l i c o n s w i t c h i n g d i o d e s . A l l 
t r a n s i s t o r s a r e s i l i c o n m e dium g a i n t r a n s i s t o r s a n d 
t h e d i f f e r e n t i a l p a i r a r e m a t c h e d . T h e b u f f e r amp­
l i f i e r h a s a" g a i n o f n e a r l y o n e a n d a n i m p u t i m p e d a n c e 
o f m o r e t h a n 10 megohm. 

T h e n e g a t i v e g o i n g s i g n a l i s a p p l i e d t o t h e i n p u t , 
A. T h e l e v e l a t B g o e s h i g h p o s i t i v e when t h e s i g n a l 
p e a k i s p a s t . T h e b u f f e r a m p l i f i e r o u t p u t i s a p p l i e d 
t o t h e a n a l o g u e t o d i g i t a l c o n v e r t e r . A n e g a t i v e g o i n g 
p u l s e i s a p p l i e d t o D a f t e r t h e c o n v e r s i o n t o d i s c h a r g e 
t h e s a m p l i n g c a p a c i t o r . 

F I G U R E B.4A 
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r o s e . Feedback from the b u f f e r a m p l i f i e r ensured t h a t 

i t s output was equal to the s i g n a l . When the s i g n a l 

s t a r t e d to dim i n i s h , the charge on the storage c a p a c i ­

t o r remained steady and the b u f f e r a m p l i f i e r output 

then exceeded the s i g n a l . When the d i f f e r e n c e between 

the two was g r e a t e r than some pre-determined amount, 

which must be g r e a t e r than the n o i s e , a peak was de­

t e c t e d . 

T h i s system avoided the problems of both the pre­

vious methods. The delay between the peak o c c u r r i n g 

and i t s d e t e c t i o n v a r i e d with height and length of the 

pu l s e . But s i n c e both p u l s e s were i d e n t i c a l i n these 

parameters, the time i n t e r v a l measurement was accur a t e . 

B.5 Future Development 

I n the f i e l d of Atmospheric P h y s i c s , i t i s u s u a l ­

l y d e s i r a b l e to accumulate la r g e amounts of data and 

i t s recording and proc e s s i n g i s always a problem. The 
,i.'de:v'ice,!'i described i n t h i s appendix, had i t been con­

s t r u c t e d , would have provided an e x c e l l e n t s o l u t i o n . 

However, although the f a c i l i t i e s are now a v a i l a b l e , the 

author does not intend to b u i l d the system as des c r i b e d . 

Present day technology o f f e r s a l t e r n a t i v e methods which, 

though more expensive i n c a p i t a l equipment, are more 

m J 
8F-TI0B 
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f l e x i b l e and e a s i e r to use. An 8-channel F.M. tape 

recorder which i s compatible with an A/D converter i n 

the computer centre may become the core of a new system. 

Even so, analogue peak d e t e c t i o n may s t i l l be d e s i r a b l e . 



APPENDIX C 

MATHEMATICAL DERIVATIONS 

C O Some of the r e s u l t s s t a t e d i n the body of the 

t h e s i s are here derived i n d e t a i l . 

C . l Nomenclature 

a = area of s t a t o r exposed a t some i n s t a n t . 
e ( t ) = p o t e n t i a l of the s t a t o r a t some time t 

f = frequency of the true s i g n a l 

k = Boltzmann constant 

t = time 

A = maximum area of s t a t o r exposed 

B = a r e p r e s e n t a t i v e bandwidth 

C = e f f e c t i v e capacitance across the ampli­
f i e r input 

D = se p a r a t i o n between the s t a t o r and the 
rotor 

E = applied e l e c t r i c f i e l d 

H = Hum parameter defined by equation C . 3 i . 

103 
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I = c u r r e n t to the p r e - a m p l i f i e r from the 
s t a t o r 

K = c o n d u c t i v i t y of the a i r 

P = an i n t e g e r 

R = e f f e c t i v e r e s i s t a n c e across the ampli­
f i e r input 

T = true s i g n a l period 

V = output from the detector 

y = s i g n a l to noise r a t i o 

6 = incremental phase change 

e 0 = p e r m i t t i v i t y of f r e e space 

8 = absolute temperature of input r e s i s t o r 

to = a r e p r e s e n t a t i v e angular frequency of 
the spurious s i g n a l or noise 

C.2 Conduction Current (page 17) 

Conduction s u p p l i e s a c u r r e n t , I 2 = KEa. Figure 

C.2a shows how t h i s c u r r e n t v a r i e s with time by compar­

i s o n with the displacement c u r r e n t , f o r a symmetrical 

f i e l d m i l l . The peak conduction c u r r e n t has a value 

KEA. The t r i a n g u l a r c u r r e n t wave can be considered as 

a steady c u r r e n t of value KEA/2 together with what may 

be approximated to a s i n u s o i d of amplitude KEA/2 and 

frequency f. 

When the displacement c u r r e n t , e 0 E ( d a / d t ) , i s 
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i n t e g r a t e d by the input c h a r a c t e r i s t i c s of the pre-am-

p l i f i e r , i t produces a t r i a n g u l a r voltage wave of am­

p l i t u d e £ 0EA/2 C (Lane-Smith, 1967) which peaks a t the 

i n s t a n t maximum area i s exposed. The conduction cur­

r e n t wave, i n t e g r a t e d by the same input c h a r a c t e r i s ­

t i c s , produces a n e a r l y s i n u s o i d a l voltage wave of am-
KEA 

p l i t u d e — — whose phase i s TT/2 behind t h a t of the 2irf. 2C 
cu r r e n t which peaked a t the i n s t a n t maximum area was 

exposed. Because of t h i s phase change, with a phase 

s e n s i t i v e d e t e c t o r , the s i g n a l due to t h i s component of 

the conduction c u r r e n t w i l l be zero. Without a phase 

s e n s i t i v e d e t e c t o r , the r a t i o of the s i g n a l to spur­

ious s i g n a l w i l l be given by 

Y , = EoKA . W c 
( a ' 2C KEA 

_ 2irf e 0 

K 

which w i l l normally exceed 10 s. 

The steady component of the conduction c u r r e n t 

w i l l r a i s e the average p o t e n t i a l of the s t a t o r to a 

value KEAR/2. 

However, the capacitance to ground of the s t a t o r 

i s changing a t a r a t e equal to ~ e p d a / d t = dC/dt. 
D 
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The r a t e of change of input p o t e n t i a l i s given by 

de _ -KEAR dc 
dt ~ 2C dt 

e nKEAR da 
2CD dt 

so t h a t the d e v i a t i o n from the mean p o t e n t i a l due to 

the v a r i a t i o n of capacitance i s E ° K E A R ' A . 
2 DC. 2 

This i s i n phase with the true s i g n a l of ampli-

tude ° c , so th a t the r a t i o of the s i g n a l to the spur­

ious s i g n a l w i l l be given by 

e pEA . 4DC 
Y < b ) 2C KEA 2R e 0 

2D 
KAR 

for any method of d e t e c t i o n . 

C.3 Hum and 'Pick-up 1 (page 18) 

I f the exposed p a r t of the input c i r c u i t i s much 

s h o r t e r than the electromagnetic wavelength, a q u a s i -

s t a t i c theory can be used and then the induced charge 

on the input i s p r o p o r t i o n a l to the applied f i e l d , E'. 

At any p a r t i c u l a r frequency the charge i s given by 

q = HE' cos ait (C.3i) 

The input c u r r e n t i s given by 

13 = -uiHE" s i n ut 
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Th i s c u r r e n t i s appl i e d to the p a r a l l e l RC input c i r ­

c u i t and the r e s u l t a n t p o t e n t i a l v a r i a t i o n has an am­

p l i t u d e equal to o»RHE" m 

(w 2C 2R 2 + 1 ) ^ 

The s i g n a l to noise r a t i o w i l l , i n g e n e r a l , be 

given by 

Y ( c ) 
£ 0EA (u) zC 2R 2 + 1)** 
2C " wRHE' 

I f UCR>>1 the expression s i m p l i f i e s to 

Y ( C ) 2HE* • • 

I f O)CR<<1 the expression s i m p l i f i e s "to 
eoEA 

*<c) 2HE WCR 

RC must be kept l a r g e r than T so to b e n e f i t from 

the second e x p r e s s i o n , to have ooCR s m a l l , T must be as 

sma l l as p o s s i b l e . 

C.4 Thermal Noise (page 19) 

The input r e s i s t o r , R, may be considered as a 

n o i s e l e s s r e s i s t o r i n s e r i e s with a voltage source 

whose mean square value i s 4k8R per u n i t frequency band­

width. This noise s i g n a l i s decoupled by the input ca­

p a c i t a n c e , C, so the t o t a l noise input s i g n a l i s given 
(1)2 

by 
eJ = 4k8R / 1 do) J TTT U)*C2R2) 2n 
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where - 2 " U ) 1 i s the bandwidth, B , accepted by the am-
2TT 

p l i f i e r and d e t e c t o r . 

IT = ( t a n " l a ) , C R - t a n ^ w . C R ) 
2TTCR 

I f u ) 2 C R and u L C R are both much bigger than 1, 

eT = 4kO R B 

The s i g n a l to noise r a t i o then becomes 

Y ( d ) = £2|£ (4k8RB) - J s 

_ e 0EA 
4 R C 

I f 2trRCf i s of the order 1, then, 
e 0EAf / R 

Y(d) v4c6B 

However, i f U) 2 CR>>1 and U>ICR<<1, 
—=- 4k 0R IT e 2 = . — 

2TTCR 2 

= k9/C 
The s i g n a l to noise r a t i o i s then 

EQEA Sj( 

2SCR ' Skd 

E 0 E A f i^R 
• k e f 

which i s s i m i l a r to the former equation except t h a t the 

s i g n a l frequency i s s u b s t i t u t e d f o r the noise bandwidth, 
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C.5 Phase S e n s i t i v e Detector Type 1 (page 23) 

The detector i s switched i n f o r h a l f a period 

each c y c l e . The average output, A"V, from the detec­

tor during a c y c l e ending a t a time PT i s given by 
.PT 

AV = ±r I (ex. - e / n . M n - l . d t 

(P-^JT 

I f e t = - e Q s i n (2irt/T) 
PT 

then, AV = AV Q = \ J {0 - e Q s i n } .dt 

A v o 

(P-is)T 
_PT 

e_o 
2 1 _ 

(p-h)T 

r i 1 

!£ cos ( l l i ) 
! TT I T _ 

= e 0 / T r 

I f e t = - e Q s i n + 6) 

AV = i J ieQ 

PT 
27Tt then, AV = =• I { e Q s i n 6 - e 0 sin(£H±. + 6 ) } . d t 
T 

(P-Js)T PT 

p o s i n 5 + £2 coa till + 6 ) | I 2 2TT T I 
( P - ^ T 

e ° s i n 6 + i f 6 i s s m a l l . 
2 TT 

So t h a t , AV = A V 0 d + j s i n 6) 
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and f o r a steady f i e l d , the t o t a l output w i l l be 

V = v 0 ( l + \ s i n 6) 

C.6 Phase S e n s i t i v e Detector Type 2 (page 24) 

The average output, AV, from the d e t e c t o r during 

a c y c l e ending at a time PT i s now given by 

.PT 

dt 

(P-Js)T 

PT 

*V = \ J e t . 

I f e t = - e„ s i n ( ) 

/

PT 
- e_ s i n (^-) .dt 

o T 
(P-^)T 

and AV 0 
f o 

I f e t = - e Q s i n (^^ + 6) 

PT 
1 / . ,2irt - / - e Q s i n ( — 

(P-^)T 
PT 

then AV = - / - e Q s i n (-^- + 6).dt 

2 i i + 6 ) ~ j ^ cos ( 
2TT 

(P-*5)T 

2° {C O S ( 2 T I + 6) - cos(n + 6) } 
2ir 

^2 . 2 cos i 
2ir 



I l l 

= £2 . (1 - s i n 2 6)h 

IT 

= Ev^ (1 - 2" s i n 6) i f <S i s s m a l l . 

So t h a t V = V Q (1 - - s i n 6) 



APPENDIX D 

16mm FILMING SCHEDULE 

D.l Preamble 

The 16 mm f i l m c o n s i s t s of seven 50-foot maga­

z i n e s . A l l shots except Mag 1 were taken a t the same 

speed, a nominal 7 sees per frame, from the verandah 

of the Lane-Smith r e s i d e n c e (K22, Fourah Bay College) 

which has an e l e v a t i o n of 1,050 f e e t , the camera f a c ­

ing approximately N.E. Tagrin point and Tasso i s l a n d 

are both c l e a r l y v i s i b l e on most frames so t h a t the 

exact azimuth can be determined by re f e r e n c e to the 

map, Figure 6.1a. Some white s p l i c i n g tape was l e f t 

between the 50-foot lengths to a i d i n l o c a t i o n of spec 

i f i c s h o ts. The f i l m i s v i r t u a l l y u n e d i t e d — a s w i l l 

be immediately apparent to the viewer. 

Comments i n the schedule i n round brackets () 

were w r i t t e n a t the time of f i l m i n g . Comments i n 

square brackets { } have been added l a t e r . 
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At Pepel there i s a j e t t y f o r loading i r o n ore 
i n t o cargo boats. T h i s i s the only place i n the f i e l d 
of view of the camera where there are l i g h t s v i s i b l e 
from Fourah Bay College and i t th e r e f o r e provides a 
landmark i n the evening when the ground i s i n shadow. 

D.2 Schedule 

Mag 1 

May 25, 1967 

18.35-18.56 21 min. SH sec per frame N.E. 

F 2.8 (no l i g h t n i n g ) 

May 26 

15.12-17.31 2 h r . 19 min. 7 s e c per frame N.E. 

16.06 p r e c i p i t a t i o n 

17.05 l i g h t n i n g 

{ n o t i c e t y p i c a l d i s t a n t thunderstorm towards 

the end} 

18.28-18.41 33 min. 

18.49-19.07 18 min. 

Mag 2 

June 5 

17.38-17.59 21 min. 7 sec per frame N.E. 

F 11 



18.55-19.20 approx. F 4. 

(Under s u r f a c e of low cloud before storm, 

Thunder and l i g h t n i n g ) 

June 12 

17.15-18.05 50 min. 

June 14 

13.45-14.05 20 min. F 11 

( S q u a l l l i n e approaching) 

June 15 

13.15-15.05 1 hr. 50 min. 

13.15 F 11 ( S q u a l l approaching) 

13.25 F 5*6 ( r a i n ) 

13,35 F 8 

14.03 F 11 

June 17 

13.15- 14.09 54 min. F 16 

(Much cloud and some showers) 

Mag 3 

September 15 

15.16- 17.30 2 hr. 14 min. F 8 

(Developing cumulus over Pepel) 

{Then storm umbrella from South} 
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September 17 

17.48-18.33 45 min. F 5*6 

(shower cloud N of Pepel) 

{ r o l l e r s i n f r o n t of h i l l s i d e } 

September 19 

15.58-before 18.00 l e s s than 2 hours F 8 

(2 storms beyond Pepel) 

Mag 4 

September 23 

13.08-17.18 4 hr. 10 min. F 11 

(Heavy shower N of Pepel) 

{Notice a t the back of the storm a d i f f u s e 

t r a i l of sma l l cumulus} 

Jumping i s due to the camera running down and 

stopping. 

Mag 5 

October 8 

16.27-17.46 1 hr. 19 min. 

(Heavy shower N of Pepel) 

16.27 F 11 

17.15 F 8 

{ F i e l d a t Pepel <500V/M (no v i s i b l e r e c o r d ) } 
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October 9 

16.09-16.24 15 min. F 11 

(Small cumulus N of Pepel, storm coming from 

South) 

October 11 

18.24-18.44 20 min. 

18.24 F 4 (Sunset on a storm) 

18.30 F 2*8 

18.35 F 1.8 

October 13 

16.56-18.54 1 hr. 58 min. 

16.56 F 11 

( S c a t t e r e d cumulus prevented from growing 

by strong shear) 

17.30 F 8 (Magnificent cumulus range 4 

m i l e s , estimated from shadow on water) 

17.50 F 5'6 18.15 F 4 18.27 F..2.8 

18.35 F 1.8 (Storm approaching Pepel, 

18.37*5 f i l t e r o f f ) 

18.40 (Superb towering cumulus with l i g h t ­

ning o c c u r r i n g with 3 minutes of the height 

reaching 6 m i l e s ) 

{ P i l e u s which appears above the cloud, i s 

penetrated and remains around the cloud l i k e 



a s k i r t . } 

18.54 F i n i s h (Storm reaches Pepel) 

Mag 6 

October 18 

16.54-18.42 1 hr. 48 min. 

16.54 F 11 

17.33 F 8 

{cumulus over Pepel a t suns e t } 

October 22 

17.40-18.15? ?35 min. F 8 

(shower over Pepel) 

October 25 

13.20-16.39 3 hr. 19 min. F 11 

(sm a l l growing cumulus behind Pepel) 

Mag 7 

16.39-18.27 1 h r . 48 min. F 11 - F 1 

(storm over Pepel) 

October 31 

16.17- ? ? F 11 

16.28 F 8 ( S c a t t e r e d cumulus) 
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A new design of sign-discriminating field mill 

D . R . LANE-SMITH 

Fourah Bay College, University of Sierra Leone 

(Received 14 November 1966) 

Abstract—A design of field mill is presented which, while giving the sign of the Held as well as 
the magnitude, uses only one rotor and one stator and no other form of pick-up. The simplicity 
of design also extends to the electronics which does not include the phase sensitive detector 
normally required. 

An asymmetric waveform is generated. The sign of the asymmetry depends on the sign of 
the field and this is detected as a steady, positive or negative direct current. 

1. INTRODUCTION 

T H E field Mill (HARNWELL and VAN VOORHIS, 1933) works on the basic principle of 
alternately exposing an insulated plate to, and screening it from an electric field. 
As the area of plate exposed changes, charge is induced on the plate. The displace­
ment current, / , supplying this charge, is given by: 

/ = r E d A 

( ' ) 

where E is the potential gradient and A is the area of plate exposed. MAPLESON and 
WHITLOCK (1955) have shown that, for a normal sector type mill, 

I = ±e0EA(olir 

where to is the angular velocity of the rotor. 
The equivalent circuit of the stator-rotor assembly, including leaks and strays in 

the first stage of the amplifier, is shown in Fig. 1. The only limitation in the value of 
R is that it must be made small compared with any leakage resistance, RL, from a 
current source which would otherwise deposit charge on the stator. The effect of 
such a charge would be that as the capacitance to ground of the stator varied with 
the position of the rotor, so its potential would vary. This is the same action as a 
condenser microphone. (On the other hand, such an effect could be used to off-set 
the zero of the field mill and would be one way of discriminating the sign.) 

Fig. i . 

687 
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& 

'a 

Fig. 3. 

E 

s X 

Time 1 

Fig. 4. 

The current, I, flowing into the input circuit is therefore a periodic function, 
shown in Fig. 4, which can be divided in three parts, (a), (b) and (c): 

(a) I = -J 0 <t <s (3) 

where 

J = eJUNtoirJ - f/)/2 (4) 

c 0 is the permittivity of air 
E is the potential gradient, called positive when the direction is downwards 
t = 0 at the beginning of the period when the rotor is just about to start 

covering the stator 
s = 0j/ci) where dt is the angular width of a vane. 
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The expression for V i n _ l t would include a term l > r

( t t _ 1 > exp (—2T/i?C) so the effect of the 
value • of F(n-i) » n subsequent values of V falls off exponentially with a time constant SC. 
Therefore the value of E', which determined F 0 , will have negligible effect on F„ when n T 
becomes large compared with SC. For such values of n, F„ is equal to V^^. 

Vn - = V { n _ v (exp ( - T / J ? C ) - 1) + JS(l - cxp ( -*/JRC))» exp ( -xjSC). 

'When there is a steady potential gradient, E, and when 

SC 

JR(1 - exp ( -a/SC))2 exp ( -x/RC) 
l ' < B - 1 ) _ exp ( - T/SC) - 1 • ( 1 5 ) 

The solution of equation (15) depends on whether SC is much less than, nearly equal to, or 
much greater than T. For the field mill described it is necessary that SC be much greater than 
T because only then is the wave form the right shape for the detector, and also only then is the 
amplitude of the signal independent of the rotor angular velocity. I n this case, exp ( — T / S C ) 
becomes (1 — TjRC) and equation (15) becomes 

F,„_i> = +(1 - *ISC)J8*jCT m + ^ • ± . (10) 

From equation (9) 

60 

and 

+ Js 2 Jt 
K = - c ^ - c 0 < 1 < S <17> 

(18) 

TV - F . ' - F . - ^ - i ; . (19) 

This gives the waveform shown in Fig. 5. 
The amplitude of the signal, A 7 , is given by 

^Nco fl, 
2C {r* r"]-co 

B0EA 
(20) 

where A is the total area of the exposed plates. 
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3. T H E ELECTRONICS CIRCUITS 

The amplifier 
The requirements for the amplifier are a high input impedence, low output 

impedance and gain sufficient for the sensitivity required. I f the input impedence 
is low, a larger capacitor, G, must be used to give a sufficiently large time constant, 
RG, which in turn means a smaller signal. Provided the noise level is not high the 
product of the gain required and the input impedance is sensibly constant for a 

+I5V 

| I B k f l 

25/xF 

D 2 

-LPs 

Detector circuit 

-Vi'-A/^-
150k ft 

0-2,iF 

Q 2 u F = OI/iF 

R6 

—VWV^-
220 k 

Da G 

5 R j 

8k 

1' 
- I 5 V 

I50kf l 220k 

Diodes D,- 4 type ZS 130 

Fig. 6. 

Potentiometric 

recorder 

5 - 6 k I l 50mV F.S.D. 

Galvanometer 
10/ift F.S.D. 

given signal frequency so that the high input inpedence requirement can be traded 
for a high gain requirement. The output impedance must be low compai'ed with the 
input impedance of the detector circuit. 

Any amplifier satisfying these requirements would be adequate. I f the amplifier 
produces a phase reversal, a positive field will give a positive final output. 

The detector (Fig. 6) 
The detector measures the amplitude of the positive and negative peaks and adds 

them algebraically, that is, if the largest positive excursion were +GV and the 
largest negative excursion were —2 V, the output would be proportional to +4V. 
This d.c. signal is then put into suitable form for the recorder used. 

Operation 
As the potential at the point B rises above the potential of F, some of the current 

flowing down i? 2 is diverted from Z), to flow through D2 to charge the 0-2 /iF con­
denser C 2 . When (72 is fully charged, F will be at a slightty higher potential than B 
because, with only the small current flowing through RA to keep it 'alight', the forward 
drop across D2 will be less than that across Dv When B begins to fall in potential 
D2 becomes reverse biased and F remains at a slowly dropping potential as 02 
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Hum 

Time I 

Fig. 8. 

negative excursions by the amplitude of the hum. As for noise, this does not affect 
the final output. 

The off-set zero system and the phase-sensitive detector system also react to hum 
in the same way that they react to noise. 

I f the hum or noise is picked up on the stator of the field mill so that its amplitude 
depends on whether the plate is screened or not, the effect is to change the sensitivity 
of the mill for signals of the same order of magnitude as the hum. With no field, 
the hum signal appears as in Fig. 9. 

When a small field is applied the signal changes to that of Fig. 10 where it can be 
seen that the difference between the maximum positive and negative excursions is 
less than it would be if no hum were present. 

The calibration curve then takes on the shape of Fig. 14. For high accuracy at 
low fields, it is therefore necessary to calibrate the field mill under similar hum and 
noise conditions to those under which it will be used. 

> 

Time I 

Fig. 9. 

The off-set zero system and the phase sensitive detector system also both change 
their sensitivity for small signals in the presence of this type of pick-up. 

(iii) Temperature and supply variations 
The potential at B (Fig. 6), for zero signal, controls the output zero level. 

I t is determined by resistors Bv B2, and B3, the supply voltages and the forward 
potential drop across diodes Dl and D3. To avoid too heavy a load on the ampli­
fier, Rx is made quite high which means that changes in the supply rail potentials 
will have more effect on the output potential. For the design presented, a change of 
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Time I 

I 
I 
I 

K g . 12. 

approaches 5 per cent of ^ (*%*2% of a period, say) then there will be about a 5 per 
cent reduction in the potential at F. This situation is reached when the current 
through i? 4 is i&th the current through R2 and happens when F reaches some 
potential + F m n x . At this time H will be at about + $ F n u u c . So: 

1-8 150 

and 
V M A X « 10-7 V (23) 

The output circuit is designed to give full scale deflection when the peak voltage 
reaches 6 V, or A V = 8 V, which ensures that errors due to non-linearity are always 
less than 5 per cent. 

Increasing the charge current, perhaps using the modified circuit of Fig. 9 or 
Fig. 13, will further reduce the errors due to non-linearity. If the vanes of the rotor 
are made 10 per cent wider than the vanes of the stator, the peak will cease to be a 
sharp point but will have a flat top of duration 5 per cent of The error introduced 
by the charging time of G2 now becomes less than 1 per cent. 

The response time of the detector, determined by C -̂B ,̂ G2R$^R$ and C'4, Ra and 
i? 7, should be longer than the response time of the field mill, RC, which, in turn, should 
be longer than the signal period 1//. I f a rapid response is required then a fast field 
mill must be used to give a high signal frequency. 

5. PERFORMANCE 

Several field mills working to tins principle have been constructed. The per­
formance of a simple demonstration model is described. The mill is of very simple 
design with four blades each of radius 2 in. and angular width 22°. Into the space 
between the stator blades were inserted earthed plates to reduce the effect of stray 
fields. 

The rotor was driven at about 3000 rev/min, giving a signal frequency of 
about 200 c/s. 

Hum pick-up of the type shown in Fig. 9 was present with an amplitude of the 
same order of magnitude as that of the signal due to a field of about 300 V/m. This 
hum level in the laboratory was far greater than that to be expected in the open and 

I i 
I — 

i 
», i l 

i i 

i i 
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clearly evident. On the X I range with full scale deflection for a field of 600 V/m, 
the curve is found to be continuous and well behaved. 

6. CONCLUSION 

The field mill described has many of the advantages of the system using a phase 
sensitive detector with the added advantage of extreme simplicity. No extra pick-up 
on the field mill is required, there is only one amplifier and the detector is simple in 
design and requires few components. 

The principle is well suited for specialised applications where previously far more 
complex devices have been used. One example would be the compensation for dis­
placement current (ADAMSON; 1960; HUTCHINSON, 1966), where the negative 
feedback would be easily applied. Another application is for use in radio-sondes or 
other inaccessible places. A double field mill has been designed in which one rotor 
has 81 = 302 while the other has 02 = 30! (see Fig. 3). The outputs from the two 
identical stators are connected together and amplified as one signal. With tins 
double field mill, the effects of self charge are eliminated, C U R R I E and K R E I E L S H E I M E R 
(1960), and the output signal gives the magnitude and sign of the field when detected 
as shown above. 

The signal which carries the information of both magnitude and sign of the field 
(Fig. 5) can be transmitted over just two wires or could be used to modulate a carrier 
wave. Thus only one signal need be transmitted and the detector can be housed 
in the recording station. 
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