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ABSTRACT 

Fine weather i o n i c conduct ion and convec t ion cu r r en t s near the 

E a r t h ' s sur face have been s t ud i ed . A i r - e a r t h c u r r e n t d e n s i t y , p o t e n t i a l 

g r a d i e n t , e l e c t r i c space charge d e n s i t y , number dens i ty of ions of 

e i t h e r s ign have been measured. I t has been conf irmed t h a t r a i s e d 

ea r thed antennas can a l s o be used f o r a i r - e a r t h c u r r e n t measurements. 

A i r - e a r t h cu r r en t measurements w i t h a w i r e and a p l a t e antenna, show 

t h a t w i t h i n t h e f i r s t f e w metres of t h e atmosphere the t r a n s f e r o f 

e l e c t r i c space charge by moving a i r masses produces c u r r e n t s comparable 

t o the conduc t ion c u r r e n t . The te rm ' advec t ion c u r r e n t ' has been 

used t o denote those c u r r e n t s produced by the h o r i z o n t a l movements 

of a i r masses c o n t a i n i n g e l e c t r i c space charge. An experiment 

per formed i n a low-speed w i n d t u n n e l shows t h a t ions i n moving a i r 

streams are n o t l i k e l y t o be c o n t r o l l e d by p o t e n t i a l g r a d i e n t s l e s s 

than 1000 V m " 1 . 

E l e c t r i c space charge measurements show pulses l a s t i n g about a 

-3 

minute . They u s u a l l y l i e between 10 and 20 pCm ' . A q u a l i t a t i v e 

e x p l a n a t i o n i s g iven by s o l v i n g the c o n t i n u i t y equa t ion . A t h e o r e t i c a l 

account of the movement of ions i n the atmosphere i s a l so g i v e n . 

A n a l y s i s of the measured parameters u s i n g a computer programme 

suggests the ex is tence of a l a y e r of p o s i t i v e space charge, a f ew 

m i l l i m e t r e s t h i c k , c l o se t o t h e E a r t h ' s s u r f a c e . 



Occurrence o f ex tens ive a i r showers has "been recorded t o see i f 

the re i s any unobserved r e l a t i o n s h i p w i t h atmospheric e l e c t r i c 

elements. Measurements d i d no t show much evidence; however, these 

are by no means conc lus ive . Simple c a l c u l a t i o n shows t h a t on ly showers 

19 20 

corresponding t o p r imary energies o f 10 eV or 10 eV can g i v e 

measurable changes i n the a i r - e a r t h cu r r en t d e n s i t y . 

The d i f f i c u l t i e s of measuring separa te ly the two components o f 

the conduct ion c u r r e n t b y the d i r e c t method a t any p o i n t above the 

E a r t h ' s sur face i s a l so discussed. 



CHAPTER 1 

A BRIEF SURVEY OF SOME RELATED TOPICS 

1.1 Basic ideas of atmospheric e l e c t r i c i t y 

1.1.1 I n t r o d u c t i o n 

Atmospheric e l e c t r i c i t y i s the study of the e l e c t r i c a l p r o p e r t i e s 

of the t h i n l a y e r o f a i r t h a t surrounds the E a r t h . A sample of d ry a i r 

conta ins about n i t r o g e n , 21$ oxygen, 0.9*$ argon and 0.03$ carbon 

d i o x i d e . Small t r aces o f neon, h e l i u m , k r y p t o n , xenon, hydrogen, 

sulphur d i o x i d e e t c . are a l so f o u n d i n atmospheric a i r . I n a d d i t i o n 

the re are l a r g e numbers, of suspended s o l i d and l i q u i d p a r t i c l e s ; t h e i r 

c o n c e n t r a t i o n v a r i e s w i t h t ime and i n space. The suspended p a r t i c l e s 

may be f r o m 5 x 10~^ t o 20 urn i n e f f e c t i v e r a d i u s . These a e r o s o l 

p a r t i c l e s are rough ly c lassed i n t o th ree groups; the p a r t i c l e s between 

-3 -1 

5 x 10 and 10 um i n e f f e c t i v e r a d i u s are c a l l e d A i t k e n n u c l e i , 

those f r o m 0.1 t o 1 um l a r g e n u c l e i and those l a r g e r than 1 um are 

known as g i a n t n u c l e i . 

What i n t e r e s t s us i s the exis tence of a p o t e n t i a l g r ad i en t i n 

the atmosphere and the f a c t t h a t a i r i s no t a p e r f e c t i n s u l a t o r . I t 

conducts e l e c t r i c i t y . The f i n i t e c o n d u c t i v i t y o f a i r i s due t o the 

presence o f ions o f e i t h e r s ign . The atmospheric ions a re c l a s s i f i e d 

as e i t h e r sma l l or l a r g e . The m o b i l i t y of a sma l l i o n i s about 

1 cm:s i n a p o t e n t i a l g r a d i e n t of 100 Vm ^ ; t h a t of a l a r g e i o n i s 

-h -1 
on ly about 10 cm s i n the same p o t e n t i a l g r a d i e n t . The l a r g e r 
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t he i o n the smal le r i s the m o b i l i t y . The ions a re produced by 

i o n i z i n g agents m a i n l y cosmic r a d i a t i o n , r a d i o a c t i v i t y of the 

atmosphere and of the E a r t h ' s c r u s t . The average r a t e o f p r o d u c t i o n of 

6 -3 -1 
ions a t sea l e v e l by cosmic rays i s about 1.5 x 10 i o n p a i r s m. s • 

Overland the r a d i o a c t i v i t y o f the s o i l produces, on the average, about 

6 -3 -1 

8 x 10 i o n p a i r s m s . The e f f e c t due t o r a d i o a c t i v i t y decreases 

t o a n e g l i g i b l e amount a t a f ew metres above the E a r t h . The i o n 

p r o d u c t i o n due t o cosmic rays increases w i t h l a t i t u d e . I t a l s o 

increases w i t h h e i g h t up t o a f ew km and t h e r e a f t e r decreases. A t 

a l t i t u d e s between about 80 km and $00 km cosmic rays are i n e f f i c i e n t 

i o n i z e r s . I n t h i s r e g i o n the a i r d e n s i t y i s ve ry sma l l and on ly the 

p r imary cosmic r a d i a t i o n i s p resen t ; i o n i z a t i o n here i s ma in ly caused 

by a b s o r b t i o n o f u l t r a v i o l e t and X - r a d i a t i o n f r o m the sun. The 

r e g i o n above 80 km and up t o about 300 km i s no rma l ly r e f e r r e d t o as 

the ionosphere. Here t h e r e are apprec iab le concen t ra t ions o f f r e e 
12 -3 

e l e c t r o n s ; the e l e c t r o n d e n s i t y i s of the o rder of 10 m i n day 

t ime and i t changes on ly by a s m a l l amount d u r i n g n i g h t . The con­

d u c t i v i t y o f the ionosphere i s h i g h enough f o r i t t o be regarded as 

an e q u i p o t e n t i a l r e g i o n ; the h i g h c o n d u c t i v i t y has been e s t a b l i s h e d 

f r o m the observa t ions of the r e f l e c t i o n of r a d i o waves. 

The te rm ' e l e c t r o s p h e r e ' i s g iven t o the r e g i o n f r o m about 50 km 

a l t i t u d e t o about 80 km. I n the s tudy o f atmospheric e l e c t r i c i t y i t 

i s usual t o assume t h a t bo th the e lec t rosphere and the ionosphere are 

a t a u n i f o r m p o t e n t i a l V w i t h respec t t o E a r t h . The es t ima ted va lue 

f o r V i s about 2.9 x 1<P V. 
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1.1.2 A s i m p l i f l e d model 

A simple model i s o f t e n assumed t o make the s tud ies ea s i e r . That 

i s the Earth-atmosphere i s regarded as equ iva l en t t o t h a t of a 

s p h e r i c a l condenser ( F i g . 1 . l ) hav ing i t s ou ter s h e l l ma in ta ined a t a 

p o t e n t i a l V w i t h respect t o the i nne r one; the i n t e r v e n i n g space i s 

f i l l e d w i t h a leaky d i e l e c t r i c . The inner conductor i s taken t o be 

the Ear th and the ou te r one the e l ec t ro sphe re . The d i e l e c t r i c 

between the two conductors i s of course the atmosphere i t s e l f . W i t h i n 

the e l ec t ro sphe re , the e f f e c t s of the E a r t h ' s magnetic f i e l d on the 

movement of ions w i l l be s m a l l and can be neg lec ted . I t has been 

usua l t o assume t h a t the p o t e n t i a l g r a d i e n t p lays a l a r g e r o l e i n the 

movement of i o n s ; i n 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 p o s i t i v e ions move 

downwards and nega t ive ions upwards. This may be reasonable I f t he 

atmosphere undergoes no hydrodynamic mot ion . The v a l i d i t y o f such an 

assumption w i l l be discussed a t l eng th l a t e r on. 

I t i s i n t e r e s t i n g t o c a l c u l a t e a va lue f o r the p o t e n t i a l o f the 

e lec t rosphere assuming a i r t o be a p e r f e c t d i e l e c t r i c w i t h no leakage 

c u r r e n t between Ea r th and the e l ec t ro sphe re . The p o t e n t i a l g r a d i e n t 

F^ a t any p o i n t r (where a < r < b ) between two concen t r i c spheres 

of r a d i i a and b ma in t a ined a t a p o t e n t i a l d i f f e r e n c e V i s g iven by 

A t the i nne r sphere, r = a and the p o t e n t i a l g r a d i e n t has a maximum 

F | V 



atmospheric e l e c t r i c 

studies confined to 

this region the lower 

boundary 
of the 

E A R T H 

elect rosphere 

F I G . 1.1 T H E S I M P L E M O D E L U S E D F O R 

A T M O S P H E R I C E L E C T R I C S T U D I E S - N O T T O 

S C A L E . 
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va lue of 

F 1 a1 

V 

Now pu t a = 61*00 km 

b = 6^50 km 

and F = 100 Vm" 1 

a 

We get V s 5 x 10 V . Th i s i s d i f f e r e n t f r o m the no rma l ly accepted 

v a l u e . The d i f f e r e n c e i s , of course, due t o the f i n i t e c o n d u c t i v i t y 

o f the atmosphere. 

1.1.3 Elementary formulae 

The bas ic atmospheric e l e c t r i c elements are f o u r i n number, 

namely the a i r - e a r t h c u r r e n t d e n s i t y i , the c o n d u c t i v i t y A , the 

p o t e n t i a l g r a d i e n t F and t h e space charge dens i ty p . 

I t i s assumed t h a t s p a t i a l changes occur on ly i n the v e r t i c a l 

d i r e c t i o n , w i t h z measured p o s i t i v e upwards. The p o t e n t i a l g r a d i e n t 

F , o r dV/dz i s t h e r e f o r e p o s i t i v e upwards. The cu r r en t d e n s i t y i i s 

p o s i t i v e when measured downwards towards the s u r f a c e , aga ins t z. 

With these i n mind we w r i t e 

and dD „ (1.2) 
57 " P 
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Here D i s the e l e c t r i c displacement or e l e c t r i c i n d u c t i o n and i s g iven 

by D = - 6 Q F where 6 q i s the e l e c t r i c space cons tan t . Assuming the 

a i r - e a r t h cu r r en t t o he b a s i c a l l y a conduct ion c u r r e n t i ^ we w r i t e 

i = i-L (1.3) 

where i ^ = AF and A = + ^2 S [ X c a °^ ~Pos^^ve a n c ^ nega t ive conduc­

t i v i t i e s . We a l so have the c o n t i n u i t y equa t ion 

If ° w 
Here J = - i ; a negat ive s i g n appears s ince J i s measured i n the same 

d i r e c t i o n as z . S u b s t i t u t i n g D = -e q F i n (1.2) we get 

5 l = _ _£. (1-5) 
O Z G 

O 

A u s e f u l r e l a t i o n about how the space charge d e n s i t y v a r i e s w i t h t ime 

may be ob ta ined on the f o l l o w i n g l i n e s . 

From (1.3) and ( l . k ) we have 

d 
57 ( - i x ) + = 0 (1.6) 

Since i = AF Eq. (1*6) becomes 
1 

Assuming X t o be a constant and u s ing (1.5) one obta ins 

& - ° a - 7 ) 
o 

The s o l u t i o n o f (1.7) i s 

€ 
P = PQ e (1*8) 
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where p Q i s the value of p a t t ime t = 0. We see t h e r e f o r e t h a t p 

reaches l / e o f i t s o r i g i n a l va lue p i n t ime t -where 

€ 
O 

The t ime t i s known as the ' r e l a x a t i o n t ime of the atmosphere' and has 

a va lue of the order of 15 min near the E a r t h ' s su r f ace . I t i s wor th 

n o t i n g t h a t Eq. (1.9) was ob ta ined by assuming i t o be a simple 

conduct ion c u r r e n t . 

1.1. k The e l ec t rode e f f e c t 

A genera l d e f i n i t i o n o f the e l ec t rode e f f e c t has been g iven by 

Bent and Hutchinson (1966). ' I n atmospheric e l e c t r i c i t y "the e l ec t rode 

e f f e c t i s the m o d i f i c a t i o n of elements such as space charge d i s t r i b u t i o n , 

c o n d u c t i v i t y and p o t e n t i a l g r a d i e n t near an ear thed e l e c t r o d e , which may 

be a r a i s e d o b j e c t o r t h e sur face of the Ea r th i t s e l f , because i n the 

p r e v a i l i n g e l e c t r i c f i e l d ions of one s i g n are a t t r a c t e d towards the 

e l e c t r o d e , w h i l s t those of the opposi te s i g n are r e p e l l e d f r o m i t o ' 

To e x p l a i n c l e a r l y t h i s e f f e c t l e t us draw our a t t e n t i o n t o the 

Earth-atmosphere system. When c o n d i t i o n s are calm the c u r r e n t t o o r 

f r o m the sur face i s c a r r i e d e q u a l l y by both p o s i t i v e and negat ive 

i o n s . I n p o s i t i v e p o t e n t i a l g r ad i en t s the sur face behaves as a 

nega t ive e l e c t r o d e ; i t r e ce ive r p o s i t i v e ions f r o m above. A l a y e r o f 

space charge, p o s i t i v e i n 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 , w i l l t h e r e f o r e 

r e s u l t near the su r face i f we assume no p r o d u c t i o n of ions c lose t o 

the ground. However, the s o i l probably conta ins t r ace q u a n t i t i e s of 
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r a d i o a c t i v e i m p u r i t i e s , p roduc ing ions near the ground. Th i s i s 

probably the reason why i t i s d i f f i c u l t t o de tec t e x p e r i m e n t a l l y an 

e l ec t rode e f f e c t near the su r f ace . On the o the r hand the e f f e c t may 

be observed e a s i l y near r a i s e d ear thed ob jec t s because the p o t e n t i a l 

g r a d i e n t i s thereby much increased. This i s discussed i n d e t a i l by 

Bent and Hutchinson (1966). 

A t h e o r e t i c a l account of the e l e c t r o d e e f f e c t i s g i v e n by-

Chalmers (1966 a, b , c and 1967)- A complete e x p l a n a t i o n o f the 

phenomenon shou ld , however, i nc lude the i n h e r e n t atmospheric tu rbu lence 

and more w i l l be s a id i n Chapter 6. 

1.1.5 The d i s t i n c t i o n between e l e c t r i c a l l y f i n e ( o r f a i r ) and 
d i s t u r b e d days 

I n a n a l y s i n g atmospheric e l e c t r i c measurements i t i s usual t o 

group the observat ions made i n t o two main d i v i s i o n s accord ing t o the 

p r e v a i l i n g weather c o n d i t i o n s , t h a t i s , f i n e ( o r f a i r ) and d i s t u r b e d 

days. The d i v i s i o n i s by no means unique; f o r ins tance , c e r t a i n 

days may be d i s t u r b e d m e t e o r o l o g i c a l l y and f i n e e l e c t r i c a l l y or v i c e 

versa . Chalmers (1967) mentions t h a t i n f i n e weather the re are no 

processes of charge separa t ion and t h a t t h e e l e c t r i c a l phenomena are 

reasonably s teady. We may take t h e t e r m ' reasonably steady e l e c t r i c a l 

phenomena1 t o mean t h a t the p o t e n t i a l g r a d i e n t main ta ins a d e f i n i t e 

s ign and e x h i b i t s v a r i a t i o n s which are on t h e average smal l . I n 

e l e c t r i c a l l y f i n e ( o r f a i r ) days the p o t e n t i a l g r a d i e n t F i s u s u a l l y 

p o s i t i v e , t h a t i s , d i r e c t e d downwards. L o c a l e f f e c t s may, however, 
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change the s i g n o f F , f o r example a ne ighbour ing charged c l o u d , but 

these do no t p e r s i s t long and on the average F main ta ins i t s p o s i t i v e 

s ign i n e l e c t r i c a l l y f i n e ( o r f a i r ) days. 

A l l m e t e o r o l o g i c a l l y d i s t u r b e d days are a l s o c l a s s i f i e d as 

e l e c t r i c a l l y disturbed.) There may a l so be days which are e l e c t r i c a l l y 

d i s t u r b e d b u t no t m e t e o r o l o g i c a l l y . The f o i m a t i o n or appearance of 

clouds w i l l i n d i c a t e t h a t the days are no longer f i n e ( e l e c t r i c a l l y ) . 

I n genera l r a i n , s l e e t , snow, thunder , l i g h t n i n g are a l l taken t o 

happen on e l e c t r i c a l l y d i s t u r b e d days] the p o t e n t i a l g r a d i e n t w i l l 

change s i g n and thunder clouds may g i v e va lues as h i g h as 20000 V m " \ 

1.1.6 The charge balance of the Ear th 

The f i n e weather p o t e n t i a l g r a d i e n t i n d i c a t e s t h a t the Ear th has 

a nega t ive bound charge, t h e su r face dens i ty o f which i s g i v e n by 

a = ~ P F 
o 

where e Q = 8.85 x 10" 1 2 F m " 1 . I f F = 100 V m " 1 

0 = 8.85 x 10" 1 2 C m " 2 

Normally the observed f i n e " w e a t h e r a i r - e a r t h cu r r en t i l i e s between 
-12 -12 -2 

1 x 10 and k x 10 A m . The Ea r th 1 s charge would t h e r e f o r e 
-12 -2 

n e u t r a l i z e i t i n about 885 s i f i = 1 x 10 A m . The pe r s i s t ence 

of the p o t e n t i a l g r a d i e n t shows t h a t the Ear th r e t a i n s i t s nega t ive 

charge i n s p i t e of the n e u t r a l i z i n g e f f e c t s of cu r ren t s t h a t b r i n g 

p o s i t i v e charge t o E a r t h . 

I t i s b e l i e v e d t h a t p o s i t i v e charge reaching Ea r th i n f i n e 
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weather areas i s balanced by the a r r i v a l of an equal amount o f 

nega t ive charge i n those p a r t s of the w o r l d expe r i enc ing d i s t u r b e d 

weather. This was f i r s t suggested by C.T.R. Wi lson (1920) and a 

w o r l d wide programme i s i n progress t o v e r i f y i t . Four processes are 

known t o convey charge t o E a r t h . They are -

(a ) Conduction and convec t ion cu r ren t s 

( b ) P o i n t discharge cu r ren t s 

( c ) P r e c i p i t a t i o n cu r r en t s 

(d ) L i g h t n i n g discharges 

Ea r th rece ives p o s i t i v e charges f r o m (a ) and ( c ) ; t h a t r e ce ived f r o m 

( b ) and ( d ) i s n e g a t i v e . 

1.1.7 Observed va lues of bas ic atmospheric e l e c t r i c elements 

Average va lues of i , ?\, F and p are g i v e n i n Table 1.1. They are 

taken f r o m Chalmers (1967). I n a d d i t i o n such q u a n t i t i e s as number of 

n u c l e i , i o n d e n s i t i e s , r a t e o f i o n p r o d u c t i o n have a l s o been measured 

and f o r a d e t a i l e d account the reader i s i n v i t e d t o r e f e r t o 

Chalmers' (1967) book on Atmospheric E l e c t r i c i t y . 

1.2 P r o p e r t i e s of the lower atmosphere 

1.2.1 A i r f l o w over Ear th 

Studies o f f l u i d dynamics show t h a t t he re are two types o f a i r 

f l o w , namely l aminar and t u r b u l e n t . The fo rmer i s c h a r a c t e r i z e d by 

a steady u n i f o r m f l o w . I n the o the r the f l o w e x h i b i t s an unsteady 

i r r e g u l a r p a t t e r n . The change f r o m one t o the o ther depends on the 
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PLACE 
OF 

OBSERVATION 

AIR-EARTH 
CURRENT 
DENSITT 

_2 
p Am 

CONDUCTIVITY 

ft m 

POTENTIAL 
GRADIENT 

V m " 1 

SPACE 
CHARGE 

DENSITY 

p C m ^ 

KEW 1.12 Ik 
0.5 x 10 365 10 

LAND 
STATIONS 1.8 130 10 

OCEANS 2.8 126 

TABLE 1.1 Average va lues of bas ic atmospheric e l e c t r i c elements. 

Data f r o m Chalmers (1967). 
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va lue o f a dimensionless constant c a l l e d Reynolds number which may be 

w r i t t e n as u8/v where u i s the v e l o c i t y of f l o w , V the k inemat ic 

v i s c o s i t y of the f l u i d and £ the l i n e a r dimension of the obstacle i n 

the path o f f l o w . A i r f l o w over the ground has been s tud ied e x t e n s i v e l y 

us ing s m a l l scale l a b o r a t o r y models. The r e s u l t s are 

(a ) A l aminar f l o w e x i s t s w i t h i n a d i s t ance 6 f r c m the su r f ace - the 

s o - c a l l e d l amina r sublayer . The va lue of 6 i s g i v e n by 

u5 
55 

Here u i s the mean wind speed a t 2 m f r o m the su r face . 

(b ) Beyond a d i s tance e f r o m the sur face the f l o w i s f u l l y t u r b u l e n t 

where 

~ - 750 

( c ) Distances i n between 8 and e are c h a r a c t e r i s e d by a t r a n s i t i o n a l 

f l o w , between l amina r and t u r b u l e n t . These are d i a g r a m a t i c a l l y 

-5 2 -1 

i l l u s t r a t e d i n F i g . 1.2. Since v 10 x m s we f i n d 

6 ££ 0.5 mm and e =± 7.5 mm when u = 1 ms""*". 

1.2.2 Atmospheric a i r movements - tu rbu lence 

For most of the E a r t h ' s su r face the mean h e i ^ i t h o f the roughness 

element i s g r e a t e r t h a n 6 , so t h a t i n genera l .the a i r f l o w over the 

surface i s f a r f r o m l amina r . 

An anemometer shows, f o r i n s t ance , i r r e g u l a r and apparen t ly random 

f l u c t u a t i o n s . The ampl i tude o f o s c i l l a t i o n s has a maximum a few hours 



turbulent flow 

t r a n s i t i o n a l flow 

f low ami nar 

7—7 
E a r t h 

F I G . 1 .2 T H E F R I C T I O N A L SUB 

LAYERS C L O S E TO THE GROUND . 
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a f t e r midday and drops t o a low value d u r i n g the n i g h t . On cloudy 

days the ampl i tude of the v e l o c i t y f l u c t u a t i o n s remains a t a constant 

r a t i o t o the mean w i n d u . The d i u r n a l v a r i a t i o n of tu rbu lence i s 

t h e r e f o r e connected d i r e c t l y w i t h the temperature o f the ground. A 

measure of the degree o f tu rbu lence i s the s o - c a l l e d gust iness g. 

We d e f i n e th ree components, g^ f o r the component i n the d i r e c t i o n of 

the wind , g^ across i t and g^ i n the v e r t i c a l ] t h e y are g iven by 

g. 
x 

u ' 
-2 
u vl u 

w 
-2 

Nj U 

where u ' , v ' and w' a re the wind speed f l u c t u a t i o n s g iven by u ' = u - u 

and so o n j u , v and w are r e s p e c t i v e l y the instantaneous wind 

v e l o c i t i e s i n the x , y and z d i r e c t i o n s . I t i s known t h a t the 

tu rbu lence i n the f i r s t few metres o f the atmosphere i s no t i s o t r o p i c 

t h a t i s , g x ^ gy. 4 S z

 a * i d t h a t the components are o f the same order 

of magnitude. 

Studies of t u r b u l e n t f l o w can be .bes t c a r r i e d out us ing a h o t 

w i r e anemometer. The main disadvantages of such an ins t rument are 

the d i f f i c u l t i e s o f making t h e h o t wi re element and the h i g h cost 

o f necessary e l e c t r o n i c equipment. 

1.2.3 Wind speed i n the f i r s t few metres of the atmosphere 

Experiments show t h a t i n the lower atmosphere t h e wind speed 

increases w i t h h e i g h t . I n cond i t i ons of n e u t r a l e q u i l i b r i u m the 

v a r i a t i o n s w i t h i n the range 0 < z < 10 m may be descr ibed by an 

http://be.be
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equa t ion of t l — -"onn. (Su t ton , 1960) 

- / z \ a 
u - m v 

where u i s the mean wind speed a t h e i g h t z and u ^ i s t h a t a t a 

constant r e f e rence h e i g h t z^. The index a may take any va lue between 

zero and one; i t s a c t u a l va lue depends on the t ime of day, wind speed, 

h e i g h t above ground, the temperature s t r u c t u r e and the roughness o f 

the ground. 

For ae rodynamica l ly rough sur faces use i s made of P r a n d t l ' s 

fo rmula f o r d e s c r i b i n g the wind p r o f i l e . I n c o n d i t i o n s o f n e u t r a l o r 

a d i a b a t i c e q u i l i b r i u m i t may be w r i t t e n as 

where u^ i s the ' f r i c t i o n v e l o c i t y ' and i n d i c a t e s the amount of 

tu rbu lence pre-e- i i , ; k i s the Von Karman constant and takes a va lue 

0.k f o r l a y e r s c lose t o the ground. The q u a n t i t y Z q i s known as 

the 'roughness parameter ' . Values of u^ and Z q f o r d i f f e r e n t sur faces 

are g iven i n Table 1.2. 

I n the f i r s t f ew metres the wind speed shows a w e l l marked 

maximum about two or- th ree hours a f t e r midday and a t t a i n s a low 

va lue a t n i g h t . Th i s p a t t e r n changes a t g r e a t e r h e i g h t s and a t about 

70 m a l t i t u d e the v a r i a t i o n i s approx imate ly u n i f o r m . 

1.2.k Temperature d i s t r i b u t i o n i n the lower atmosphere 

The d i u r n a l v a r i a t i o n o f a i r temperature depends d i r e c t l y on the 

s t a te of the sky. For example, w i t h a c l e a r sky the a i r temperature 

u u 



TYPE OF ROUGHNESS FRICTION 

SURFACE PARAMETER VELOCITY 

z 
0 

u * 
-1 cm cm. s 

Mud f l a t s , i ce 
1 x 10"5 ( e x c e p t i o n a l l y 1 x 10"5 16 

smooth) 

Smooth Sea 
_2 

2 x 10 21 

Lawn 
(grass - 1 cm) 0.1 2? 

Lawn 
(grass - 5 c m ) 

1 - 2 Lawn 
(grass - 5 c m ) 

Lawn 
(grass - 60 cm) k - 9 60 

TABLE 1.2 T y p i c a l va lues o f z Q and u # . 

l a t a f r o m Su t ton (1960). 
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i s a t i t s maximum two or three hours a f t e r midday. On a day w i t h an 

overcast sky and w i t h low c l o u d the temperature remains almost the 

same d u r i n g day and n i g h t i f t he w i n d d i r e c t i o n remains approximate ly 

cons tant . I r r e g u l a r changes o f wind d i r e c t i o n occur when depressions 

pass and may a f f e c t t he temperature . 

The a i r temperature f a l l s o f f w i t h h e i g h t above the ground. The 

average r a t e of f a l l o f temperature w i t h h e i g h t i s c a l l e d the ' l apse 

r a t e ' and i s about 0.6^C per 100m. The lapse r a t e i s approximate ly 

the same i n a l l l a t i t u d e s and a t a l l he igh t s below the tropopause. 

The temperature a t l a r g e d i s tances f r o m the ground shows ve ry l i t t l e 

change f r o m day t o n i g h t ; temperature changes of' the a i r l a y e r near 

the sur face are due t o i t s b e i n g heated f r o m the ground below. 

1.2.5 Eddy d i f f u s i o n 

The t r a n s p o r t of heat and o ther p r o p e r t i e s of a i r t ake place as 

a r e s u l t of t u r b u l e n t m i x i n g and the process i s known as eddy 

d i f f u s i o n . A boundary l a y e r o f th ickness 5 e x i s t s around any 

obs tac le p l aced i n a moving f l u i d . A l a y e r o f a i r a f ew m i l l i m e t r e s 

t h i c k c l i n g s t i g h t l y t o the ground. Ordinary laws o f molecu la r 

phys ics are v a l i d i n the boundary l a y e r . Here hea t , momentum and 

ma t t e r such as water vapour a re t r a n s f e r r e d v e r t i c a l l y o n l y by 

molecu la r d i f f u s i o n processes. However these are i n s i g n i f i c a n t i n 

the t o t a l t r a n s f e r of atmospheric p r o p e r t i e s . 
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Turbulen t m i x i n g and t h e r e f o r e eddy d i f f u s i o n take place every­

where outs ide the boundary l a y e r . Heat, water vapour, k i n e t i c energy, 

carbon d i o x i d e , radon e t c . are t r a n s p o r t e d by eddy d i f f u s i o n . The 

v e r t i c a l ne t f l o w Q through u n i t area i n u n i t t ime o f a c h a r a c t e r i s t i c 

s may be shown t o be g iven by 

Q =i - K o ^ (1.10) 
dz 

where a i s t h e a i r d e n s i t y ; K i s known as the eddy d i f f u s i v i t y and 

depends on w i n d speed and th<= h e i g h t above the ground. Equa t ion ( l . 10) 

i s v e r y u s e f u l i n d i scuss ing the ne t v e r t i c a l t r a n s p o r t of va r ious 

p r o p e r t i e s of a i r . For example, i n the study o f atmospheric heat 

t r a n s f e r s i s s imply c T where c i s the s p e c i f i c hea t a t constant ^ p p 

pressure and T i s the abso lu te temperature. 

Eddy d i f f u s i o n i s caused ma in ly by f r i c t i o n a l and convect ive 

m i x i n g . A t n i g h t the o n l y type of m i x i n g i s f r i c t i o n a l . The l a t t e r 

may be due t o v a r i a t i o n s o f wind speed w i t h h e i g h t ; i t may a l s o be 

due t o v a r i a t i o n s i n the roughness of n a t u r a l su r f aces . Dur ing the 

day a i r becomes uns table because o f the hea t ing of sur face air-

l a y e r s by the ground and both types o f m i x i n g w i l l be i n o p e r a t i o n . 
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CHAPTER 2 

A PRELIMINARY ATTEMPT TO MEASURE THE TWO COMPONENTS OF THE 

CONDUCTION CURRENT EY THE 'DIRECT METHOD* 

PART A 

2.1 I n t r o d u c t i o n 

2. lo 1 The a i r - e a r t h conduct ion c u r r e n t 

The two bas ic methods a v a i l a b l e f o r de te rmin ing the a i r - e a r t h 

cu r r en t d e n s i t y i may be c l a s s i f i e d as an i n d i r e c t o r a d i r e c t measure­

ments The fo rmer i s a simultaneous measurement of the c o n d u c t i v i t y 

and p o t e n t i a l g r a d i e n t . The l a t t e r i s a measurement o f the r a t e of 

f l o w of charge i n t o an i n s u l a t e d area i n the plane o f the E a r t h ' s 

su r f ace . A l though the a i r - e a r t h cu r r en t cons i s t s o f a conduc t ion and 

a convec t ion component we s h a l l assume i n t h i s chapter t h a t the most 

predominant one i s conduc t ion . The presence of o ther cu r r en t s w i l l 

be discussed a t l e n g t h i n l a t e r chapters . I n normal f i n e weather, the 

p o t e n t i a l g r a d i e n t i s p o s i t i v e and we have a simple p i c t u r e of the 

movement o f i o n s ; p o s i t i v e ions move downwards and the nega t ive ions 

upwards. 'The conduc t ion cu r r en t i s t h e r e f o r e ma.de up of two components 

i and i corresponding t o ions o f e i t h e r s i gn . We can w r i t e 

where i ^ i s t h e conduc t ion cu r r en t d e n s i t y . 

A d i r e c t measurement of i s no rmal ly done a t the ground and 

cannot be done a t any o the r l e v e l . For example, i f an i n s u l a t e d p l a t e 

http://ma.de
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i s pu t a t h e i g h t h then i t has t o be ma in ta ined a t the p o t e n t i a l 

Fh o f i t s surroundings -where F i s the p o t e n t i a l g r a d i e n t . I f t h i s 

requirement i s no t s a t i s f i e d there w i l l be d i s t o r t i o n o f the l i n e s of 

f o r c e and the p l a t e w i l l n o t measure t h e t r u e conduct ion c u r r e n t a t 

h . As soon as the p l a t e i s put a t p o t e n t i a l Fh i t w i l l r ece ive i n 

p o s i t i v e p o t e n t i a l g rad ien t p o s i t i v e ions f r o m above and an equa l 

number o f nega t ive ions f r o m below and i n the i d e a l case the ne t 

charge t o the p l a t e w i l l be zero . 

Chalmers (1962) suggested a method t o overcome t h i s d i f f i c u l t y . 

H i s idea was t o measure separa te ly the two components i and i a t 

t he d e s i r e d l e v e l and then t o es t imate t h e t o t a l conduct ion c u r r e n t 

d e n s i t y i . The au thor a t tempted t o c a r r y out the above suggest ion 

and was w i t h o u t success due t o c e r t a i n exper imenta l d i f f i c u l t i e s and 

the method was abandoned a f t e r about e i g h t months o f s t u d i e s . A 

d e t a i l e d account o f the work i s g i v e n i n t h i s chapter . 

2.1.2 Displacement cu r ren t s 

I t was s a i d b e f o r e t h a t the atmospheric a i r - e a r t h c u r r e n t dens i t y 

may be determined by measuring the c u r r e n t f l a w i n g i n t o an i n s u l a t e d 
a 

p l a t e antenna i n the plane of t h e E a r t h ' s su r face . The antenna i s 

connected t o ea r t h through a r e s i s t ance R o f the order of 1CTLSR. 

(See F i g . 2.1). The p o t e n t i a l d i f f e r e n c e across R may be measured 

us ing an e l ec t rome te r . Le t A be the e f f e c t i v e area of the antenna f o r 

the conduc t ion cu r r en t or more p r e c i s e l y c a l l A the ' conduc t ion 
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c r o s s - s e c t i o n ' o f the antenna. That i s , i f I i s the t o t a l cu r r en t 

t h a t f l o w s t o ea r t h f r o m the antenna then the conduc t ion cu r r en t 

d e n s i t y i ^ i s g iven by 

I =* i A (2.2) 

For a p l a t e antenna i n the plane of the E a r t h ' s sur face A w i l l be 

n u m e r i c a l l y equal t o i t s area p r o v i d e d the p l a t e surface i s s i m i l a r 

t o t h a t o f the E a r t h . 

I f t he p o t e n t i a l g r a d i e n t i s F there w i l l be a bound charge 

- e FA on the antenna. Here e i s the e l e c t r i c space cons tan t . A o o ^ 

change i n F causes a change i n the bound charge and produces a 

c u r r e n t th rough P.. Th i s i s the displacement c u r r e n t 1̂  and i s given 

by 

Since 1̂  f l o w s through E i t may l e a d t o se r ious F-'-rors i n the 

measurement of i ^ unless p recau t ions a re taken t o a v o i d 1̂ . I t i s 

i n t e r e s t i n g t o note t h a t a p o t e n t i a l g r ad i en t change of on ly 10 Vm""*" 
-2 

causes a. cu r r en t d e n s i t y as h i g h as 88.5 pAm » Since F does n o t 

remain constant w i t h t i m e and a l so due t o the f a c t t h a t 1̂  can be 

seve ra l orders of magnitude l a r g e r than I i t i s a b s o l u t e l y e s s e n t i a l 

f o r us t o be ab le t o separate I f r o m 1̂  o r v i c e ve r sa . D i f f e r e n t 

workers have used d i f f e r e n t methods, each hav ing i t s own advantages 

and disadvantages.; f o r a c r i t i c a l survey the reader i s i n v i t e d t o 

r e f e r t o Chalmers (1967). The most popula r method i s due t o 

Kasemir (1955)> i t i s simple and s a t i s f a c t o r y f o r s tudy ing the l o n g 
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term v a r i a t i o n s of the a i r - e a r t h cu r r en t d e n s i t y . A b r i e f account-

i s g iven i n the next paragraph. 

2.1.5 Kasemir ' s method f o r r educ ing the e f f e c t of p o t e n t i a l 
g r a d i e n t changes 

An antenna i s shown connected t o ea r th through a r e s i s t ance P.. 

( F i g . 2.2). A capacitance C i s connected across R. L e t A be the 

conduct ion c r o s s - s e c t i o n of the antenna. The t o t a l cu r r en t f l o w i n g 

t o ea r th f r o m the antenna i s ( I + 1̂ ) and may be w r i t t e n as 

( A i n + Ae d F / d t ) . Th i s must a l s o be equal t o ( l „ + L . ) where I _ 
.1- O L> n U 

and I „ are r e s p e c t i v e l y t h e cu r r en t s f l o w i n g through C and R. n 

i . e . A 1 i + A s

0 d t = I C + I R (2.3) 

Now I c = C f 

where V = I R 
a 

I c « C R - ^ (2.k) 

From ( 2 . j ) and (2. k) we have 

AT? dX„ 
A i i + A e o d t = h + C R - £ — . ( 2 . 5 ) 

Since the cu r r en t near the antenna i s c a r r i e d l a r g e l y by ions o f one 

s i g n on ly we may w r i t e near the antenna 

± 1 » V F (2.6) 

where A' i s t h e app rop r i a t e c o n d u c t i v i t y , p o s i t i v e i n p o s i t i v e 
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p o t e n t i a l g r a d i e n t . From (2.6) we can -write 

dF - 1_ ^ 1 (2.7) 

d t V d t 

a s s u m i n g ^ ' remains constant w h i l e i ^ v a r i e s . S u b s t i t u t i n g dF /d t f r o m 

(2.7) i n (2.5) we o b t a i n 

A d i l d I R 

A i i + x r e o - d t - h + C R - i 
From (2.8) we see t h a t 

Ai, 

i f A 6 d i l P R

 D I R 
7T ° - d t " C R " d t 

i..e.. i f € 0 B= CR 

The condition required for exact displacement current compensation is 

therefore CR = eQ/^'* However, A 1 does not remain constant and an 

exact compensation would be difficult. Normal practice is to make 

C R « 6 /X' or to choose the time constant CR by a t r ia l and error o' " 

method so as to minimise the effects of potential gradient changes. 

This is made easier when the potential gradient is also measured 

simultaneously. 

2.2 Measurement of the two components of the conduction current i j 
and i at height h 

Theoretically i . and i can be measured separately by using two 

horizontal metal plates kept at the required height h and separated 
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by a t h i n l a y e r of a i r . I f t h e p l a t e s are pu t a t t he p o t e n t i a l Fh of 

t h e i r surroundings then i n normal f i n e weather the upper p l a t e w i l l 

r ece ive the p o s i t i v e component o f the conduc t ion cu r r en t and the 

lower p l a t e the nega t ive component. By measuring each separa te ly 

the t o t a l conduct ion c u r r e n t a t h e i g h t h may be es t imated . During 

such measurements the f o l l o w i n g two c o n d i t i o n s must be s a t i s f i e d . 

( a ) The p o t e n t i a l o f the p l a t e s should no t a l t e r apprec iab ly due t o 

the cu r r en t s f l o w i n g and should n o t d i f f e r cons iderab ly f r o m 

t h a t o f the sur rounding medium. 

( b ) Displacement cu r r en t s should be avoided] t h a t i s , the e f f e c t s 

of atmospheric p o t e n t i a l g r a d i e n t changes should be compensated. 

2.5 Methods of measurement 

2.5.1 Method 1 

Here the charge t h a t f l o w s t o e i t h e r p l a t e i s accumulated f o r a 

known t ime t and d ischarged through a r e c o r d i n g mechanism. Th i s may 

be f o r ins tance a b a l l i s t i c galvanometer or a charge a m p l i f i e r . 

Le t the p l a t e s be separated by a t h i n l a y e r of a i r and assume 

bo th are arranged bo be a t h e i g h t h above the ground. (See F i g . 2.3)0 

To m a i n t a i n the p l a t e s a,t t he p o t e n t i a l of t h e i r surroundings a v o l t a g e 

needs t o be connected t o the p l a t e s where ss Fh. Here F i s the 

p o t e n t i a l g r a d i e n t . Le t us assume f o r the t ime being t h a t the p l a t e s 

can be pu t a t the c o r r e c t p o t e n t i a l . The next t h i n g t o be done i s 

t o make compensation f o r displacement cur-rents. Obviously the Kasemir 
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method cannot be adopted here because the charge i s no t a l l o w e d t o f l o w 

con t inuous ly t o e a r t h through a r e s i s t a n c e . A simple method i s 

suggested t h a t takes care of displacement c u r r e n t s . 

Consider the upper p l a t e P^. This i s ma in t a ined a t p o t e n t i a l Fh 

by connect ing a v o l t a g e source I t w i l l be shown t h a t displacement 

cu r ren t s may be avoided by connect ing one end o f a c a p a c i t o r t o the 

p l a t e P-̂  and the o the r t o a v o l t a g e source where = 2 Fh. This 

i s d i ag rammat ica l ly shown i n F i g . 2. km Both and Vg v a r y as F a l t e r s . 

The d e t a i l s of o b t a i n i n g V., and Vg w i l l be descr ibed l a t e r i n t h i s 

chap te r . 

L e t A be the sur face area o f P^, i t s s t r ay capacitance be ing C Q . 

I n i t i a l l y , say a t t i n e t < t ^ 

Charge on P., = - e FA 1 o 

Charge on C = C Fh o o 

Charge on ^ s - C 1 Fh 

T o t a l charge / „ , ,, , . N t i ° =s (C h - C.h - e A)F on the system o 1 o 

A measuring ins t rument G i s connected t o F^ a t t ^ and remains connected 

u n t i l t = + T. I n t ime T the upper p l a t e P.̂  r ece ives charge i j A T . 

I f F remains constant du r ing the t i m e i n t e r v a l t ^ < t < t ^ + T then 

G w i l l i n d i c a t e i + A T . But i f F changes t o F ' d u r i n g t < t.^ + T 

the charge on the system becomes (C h - C.h - € A ) F ' and G i n d i c a t e s 
o 1 o 

a charge Q where 
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Q = ( C h - C.h - e A ) (P* -
o .1 o 

F) + i AT 

Now Q = i AT i f we arrange t h a t 

(C h h. - a .h - e A ) o 0 
o 

i . eo i f oA 
h C 

o 

T h i s i s t h e v a l u e of the capaci tance needed t o a v o i d displacement 

cu r r en t s f o r P^. S i m i l a r l y i t can be shown tha t the capaci tance C p 

needed t o a v o i d displacement cu r r en t s f o r P 0 i s g iven by 

L e t us nex t examine the process by which we m a i n t a i n P a t the 

p o t e n t i a l o f i t s sur roundings . The p r i n c i p l e of the arrangement i s 

shown i n F i g . 2«5» The v a r i a b l e v o l t a g e sources V ^ , Vg where 

= Fh and = 2 Fh may be ob ta ined f r o m a simple servomechan ism 

techn ique , the d e t a i l s o f which a re g iven i n Sec t ion 2.5« Normal ly 

R q ( F i g . 2.5) w i l l be ve ry much smal ler than the a i r - I n s u l a t i o n 

r e s i s t a n c e . Since P^ remains connected t o ea r t h through R q t he re 

w i l l be no accumula t ion o f charge; i t leaks t o e a r t h th rough the 

pa th shown. The shortcoming of t h e method i s t h e r e f o r e t h a t the 

c o n d i t i o n s ( a ) and ( b ) o f Sec. 2.2 cannot be s a t i s f i e d s imul taneous ly . 

2.3.2 Method 2 

Here the charge t h a t f l o w s t o e i t h e r p l a t e passes c o n t i n u o u s l y 

t o e a r t h through a known r e s i s t ance R o f the order o f l O ^ f t ; the 
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v o l t a g e drop across i t i s measured using a h i g h input impedance d. c. 

a m p l i f i e r or an e lec t romete r . As be fo r e l e t us consider on ly the 

t op p l a t e P^. The p o t e n t i a l sensing u n i t i s a l s o shown diagram-

ma t i c a l l y (F ig s . 2.6 and 2.7) arid i t may be connected up i n two ways. 

To i l l u s t r a t e t h e f a c t o r s t h a t d i s t u r b an .experiment of t h i s nature 

l e t us consider the s p e c i a l case where F remains cons tan t . I n t h i s 

ins tance F i g s . 2.6 and 2.7 can be redrawn as F i g s . 2.8 and 2.9 

r e s p e c t i v e l y . The i n s u l a t i o n r e s i s t ance r Q o f :;he p l a t e t o ground 

I l l -w i l l p robably be o f the order o f 10 SI; i t i s shown d o t t e d . I n f i n e 

weather i f F remains cons tan t a t 100 Vm ^ then i s equal t o 1.00 V 

when h i s one met re , and the re w i l l be a c i r c u l a t i n g c u r r e n t i Q 

-12 
through R of t h e order o f 10 A. Th i s i s undes i rab le s ince i i s & o 

o f the same order of magnitude as the a i r - e a r t h conduct ion c u r r e n t 

d e n s i t y . Both i Q and i + f l o w through R and i t i s no t p o s s i b l e , to 

separate one f r o m the o t h e r ; needless t o say the problem becomes 

mor̂ e compl ica ted when F does no t remain cons tan t . C l e a r l y i Q = 0 

i f V ^ = 0, b u t now P^ i s n o t main ta ined at i t s surrounding p o t e n t i a l . 
u 

Here again we see the d i f f i c u l t i e s o f s a t i s f y i n g simultaneously 

( a ) and ( b ) o f Sec. 2.2. 

2.3.3 A simple experiment 

The f o l l o w i n g experiment i l l u s t r a t e s the ex i s tence of the c losed 

c i r c u i t path mentioned e a r l i e r . The p o s i t i v e po le o f a 120 V Ever 

Ready b a t t e r y E was l e f t unconnected w h i l e the nega t ive po le remained 



2Fh 

10. 
at potential -— — 

d.c. 
amp. 

F IG. 2.6 

• S e r v o - m o t o r 

amp. amp. field mill 

at po ten t i a l V 2Fh 

S e r v o - motor 

field mill Amp. 

n 
1 O-rx amp 

F I G . 2.7 

F I G S . 2.6 & 2.7 P R I N C I P L E OF MEASURING 

THE POSIT IVE COMPONENT OF THE 

CONDUCTION C U R R E N T . 



2 F h 

D.C 10n.| 
Amp 

F I G . 2 . 8 
= L L 

2 F h 

r~2 

Am Cp. _ J > 
n 1 On. 

F I G . 2 .9 

F I G S . 2.8 AND 2.9 . F I G S . 2 .6 AND 2.7 

REDRAWN WHEN F REMAINS C O N S T A N T . 



26 

connected to the i npu t terminal >ij:' -A Hank d.c. a m p l i f i e r . Th i s i o 

shown i n F i g . 2.10. The c u r r e n t through the a m p l i f i e r was measured 

w i t h the b a t t e r y kept on, ( a ) a wooden base, and ( b ) a po ly s ty r ene 

i n s u l a t e d base. The measured values of' i are g i v e n i n Table 2.1. 
o 

1 5 

Polys tyrene has an i n s u l a t i o n r e s i s t i v i t y o f about 10 fl-m and i n 

case (b) t h e o n l y way a c u r r e n t c o u l d f l o w through the input- r e s i s t ance 

o f the a m p l i f i e r wab f r o m the p o s i t i v e p o l e through the a i r - i n s u l a t i o n 

r e s i s t ance t o e a r t h . This i s i l l u s t r a t e d i n F i g . 2.10(b). From 

Table 2.1 i t i s seen t h a t r i s of the o rder of 10" P.. 
o 

2.J.4 Discuss ion 

C l e a r l y an experiment t o measure the two components of the 

conduct ion c u r r e n t above the ground by the s o - c a l l e d d i r e c t method i s 

n o t f e a s i b l e . The method 2 produces an e r r o r of about 100 per cent 

i n the measurement of any one component. I f i ^ were as h i g h as 

-9 -2 
10 A m t h i s e r r o r would have been on ly 1 p a r t i n 1000 w i t h a p l a t e 

? 

area of 1 m . Since even a. ^0 per t e n t accuracy cannot be c la imed 

the hopes o f measuring the two components of th=2 conduct ion c u r r e n t , 

on the l i n e s i n d i c a t e d , were g iven up and a d e t a i l e d i n v e s t i g a t i o n 

of conduct ion and convec t ion c u r r e n t s near the E a r t h ' s surface was 

begun. 

I n the l i g h t o f the present knowledge the au thor be l i eves t h a t 

t h « e l e c t r i c conduct ion i n the lower atmosphere i s smal l and the 

movement o f ions a re c o n t r o l l e d t o a l a r g e extent, by moving a i r masses. 
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a ) B a t t e r y O:Q a vooden base 

E i 
o 

120 V 5.8 x 10~ 1 0A 

108 5.8 

72 1.7 

( b ) B a t t e r y on a po lys ty rene i n s u l a t e d base 

E i 
o 

120 V -12 1.0 x 10 A 

108 0.5 

72 0.5 

60 1.0 

l|-8 0.5 

0 0 

TABLE 2.1. Measured va lues of i Q , t he c a l c u l a t i n g c u r r e n t , f o r 

d i f f e r e n t v o l t a g e s E. 
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When t h i s i a t h e e a s e "what we s a i d I.u S e e . 2.2 ttiay n o x b e c a m p l e t.e.'Ly 

t r u e . M e a s u r e m e n t o f t h e a i r - e a r t h c u r r e n t w i l l no I t e l l u s w h a t t h e 

e x a c t c o n d u c t i o n c u r r e n t d e n s i t y i s . The e e s t i m a t i o n o f i . , i ' 

t h e r e f o r e a d i f f i c u l t p r o c e s s . 

PART B 

2.K M e a s u r e m e n t o f s m a l l c u r r e n t s 

-22 -2 

S i n c e t h e a i r - e a r t h c u r r e n t i s o f t h e o r d e r o f 1 x 10 A m 

i t s m e a s u r e m e n t d e m a n d s e l e c t r o m e t e r c i r c u i t s . A n e l e c t r o m e t e r 

m e a s u r e s p o t e n t i a l d i f f e r e n c e i n v e r y h i g h r e s i s t a n c e c i r c u i t s . 

E x a m p l e s o f e l e c t r o m e t e r s u s e d i n t h e e a r l y d a y s a r e the . g o l d - l e a f 

e l e c t r o s c o p e a n d t h e q u a d r a n t e l e c t r o m e t e r . T h e r a p i d d e v e l o p m e n t 

o f e l e c t r o n i c s i n r e c e n t y e a r s h a s g i v e n r i s e t o s o p h i s t i c a t e d 

e l e c t r o m e t e r v a c u u m t u b e s a n d t h e o l d e l e c t r o m e t e r s a r e r a r e l y n o w 

u s e d i n r e s e a r c h . A t t h e p r e s e n t t i m e t h e v a c u u m t u b e s a r e b e i n g 

g r a d u a l l y r e p l a c e d b y s o l i d s t a t e d e v i c e s s u c h a s f i e l d e f f e c t t r a n ­

s i s t o r s * T h e m a i n f e a t u r e s o f a v a c u u m t u b e o r a t r a n s i s t o r s u i t a b l e 

f o r e l e c t r o m e t e r a p p l i c a t i o n s a r e t h a t i t s h o u l d h a v e a l e a k a g e 

r e s i s t a n c e n o t l e s s t h a n 10"*"̂  a n d a l e a . k a g e c u r r e n t n o t g r e a t e r 

-.15 

t h a n 10 ^A.. I t i s t h e r e f o r e e v i d e n t t h a t t h e s e e l e c t r o m e t e r c i r c u i t s 

a r e e s s e n t i a l l y v e r y h i g h i n p u t i m p e d a n c e d e v i c e s . 



2. h» 1 'I.he e l t i c ^ r a & r . t w i ' a g p l i f j u . ^ r 

A v i b r a t i n g r e e d e l e c t r o m e t e r ( V . R . S . ) ?..-, one o f i,fc.e b e e t 

i n s t r u m e n t s f o r m e a s u r i n g s m a l l c u r r - n l ^ . H o w e v e r j f o r t h e p r e s e n t 

i n v e s t i g a t i o n i t s e e m e d b e s t t o u s e a s i m p l e e l e t - t r o m e t e r a m p l i f i e r . 

' I h e c i r c u i t s h o w n i n F i g . 2.12 p r o v e d v e r y s & t i s f a e t o r y . The; e l e c t r 

m e t e r t u b e was t h e M a l l a r d ME ikOl. H i g h s t a b i l i t y r e s i s t o r s w e r e 

10 J1 12 

u s e d t h r o u g h o u t . H i e i n p u t r e s i s t o r s 10 , i.O , 10 H h a d a 

t o l e r a n c e o f a b o u t ± 10 p e r c e n t . 

2. K P r i n c i p l e o f t h e o e r v c a i e c h a n i a m 

B e f o r e d e s c r i b i n g t h e s y s t e m t h a t g i v e s v o l t a g e s F h a n d 2Fh a 

s i m p l e s e r v o , a s o - c a l l e d ' r e m o t e p o s i t i o n c o n t r o l ' ( R . P . C. ) , i s 

c o n s i d e r e d . ' I h e s c h e m a t i c d i a g r a m f o r a.n R. P . C. s e r v o w i t h v i s c o u s 

f r i c t i o n d a m p i n g i s s h o w n i n F i g . 2.13. 

T h e d . c . a m p l i f i e r h a s a p u s h - p u l l o u t p u t s t a g e a n d f e e d s t h e 

c e n t r e - c a p p e d s p l i t w i n d i n g o f a s e r v o - m o t o r . I h e a r m a t u r e i s f e d 

f r o m a c o n s t a n t c u r r e n t s u p p l y . 'The m a g n i t u d e a n d t h e d i r e c t i o n 

o r t h e m o t o r t o r q u e t h e r e f o r e d e p e n d o n t h e d i f f e r a a t i a l f i e l d 

c u r r e n t . When t h e i n p u t s i g n a l t o t h e a m p l i f i e r it", z e r o t h e t w o 

h a l v e s o f t h e m o t o r f i e l d w i n d i n g c a r r y e q u a l c u r r e n t s i n o p p o s i t e 

s e n s e s s o t h a t t h e m o t o r r e m a i n - s t a t i o n a r y . I t c a n b-e s h o w n t h a t 

t h e v o l t a g e i n p u t € t o t h e a m p l i f i e r i s g i v e n b y 

€ K o ( J 2 - 8 2 ) 
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v h r - r i . K !-•> a t o r u i t a r r i . o f p r o p o r t L o s a ! i . » . y : 0 . w i O , , ;...:'jc o b t a i n e d j ' r 

t w o v o l t a g e d i v i d e r s a s s h o w n . The- q u a n t i t y € i:3 r e f e r r e d , t o a s a n 

' e r r o r v o l t a g e ' . O n l y i f 8 ^ = 0 ^ t h e e r r o r v o l t a g e z e r o . I h e 

p o l a r i t y o f e d e p e n d s o n - w h e t h e r 6 1 > 9 2 o r 8., < 8 g . When € i s n o t 

z e r o t h e r e i s a f i n i t e i n p u t t o t h e a m p l i f i e r a n d t h e c u r r e n t s i n 

t h e f i e l d w i n d i n g s a r e n o t b a l a n c e d . The o u t p u t s h a f t t h e r e f o r e 

r o t a t e s , t h e d i r e c t i o n d e p e n d i n g o n i h e t o n n e o f t h e e r r o r e. I h e 

m o t o r t o r q u e i s a l w a y s a r r a n g e d s o ai3 t o r e d u c e e a n d c o n s e q u e n t l y t h 

s y s t e m c o n e s i n t o a n e q u i l i b r i u m s t a t e c h a r a c t e r i s e d bye • 0 . 

2.5»1 A d a p t a t i o n o f a H o n e y w e l l B r o w n C o n t i n u o u s B a l a n c e U n i t 

A s t w o H o n e y w e l l B r o w n r e c o r d e r s w e r e a t h a n d i t w a s d e c i d e d t o 

m o d i f y o n e o f t h e s e t o m a i n t a i n t h e r a i s e d a n t e n n a a t t h e c o r r e c t 

p o t e n t i a l a s m e n t i o n e d i n P a r t A . I h e r e c o r d e r i n c o r p o r a t e s a s e r v o ­

m o t o r a n d a n a m p l i f i e r A M . I h e m i n u t e d . c . i n p u t s i g n a l , t o t h e 

a m p l i f i e r w a s c o n v e r t e d t o a n a . c . s i g n a l a t t h e f r e q u e n c y o f t h e 

l i n e v o l t a g e b e f o r e b e i n g a m p l i f i e d f u r t h e r . T h e s e r v o - m o t o r w a s a 

t w o p h a s e i n d u c t i o n m o t o r o n e pha..?e o f w h i c h W A S e n e r g i s e d f r o m t h e 

a m p l i f i e r ; t h e o t h e r p h a s e w a s c o n t i n u o u s l y e n e r g i s e d L y 2MO V a . c . 

m a i n s . T h e d i r e c t i o n o f r o t a t i o n o f t h e m o t o r t h u s d e p e n d e d u p o n 

the-, p h a s e r e l a t i o n s h i p o f t h e t w o m o t o r s u p p l y v o l t a g e t - . The. m o t o r 

w a s g e a r e d d o w n a n d a r r a n g e d t o s l i d e o v e r a w i r e a s s e m b l y w h i c h w i l l 

b e d e s c r i b e d l a t e r . A v o l t a g e V , d e p e n d i n g unor_ t h e p o s i t i o n o f 
^ o u t L ° - * 

t h e m o t o r s h a f t w a s t a p p e d o f f a n d a p p l i a d t o o n e of:' t h e a m p l i f i e r 



I n p u t s i . A n o t h e r v o l t a g e take??, f r o m a f i e l d m i l l o u t p u t w a s t h e 

o t h e r i n p u t t o t h e a m p l i f i e r . H i i s i s s h o w n d i a g r a m m a t i c a l l y i n 

F i g . 2.1^1. N o r m a l l y V . . ^ i a ius.de a p p r o x i m a t e l y e q u a l t o V + . H i e 

d i f f e r e n c e m a y h e a f e w v o l t s o r l e s s . S i n c e t h e e r r o r v o l t a g e e i s 

( V . - V . ) t h e m o t o r m o v e s i n t o s u c h a p o s i t i o n a s t o m i n i m i s e e 
m o u t 

a n d t h e s y s t e m w i l l be i n e q u i l i b r i u m w h e n V . » V , . 
m o u t 

I f V i s m a d e p r o p o r t i o n a l t o t h e p o t e n t i a l g r a d i e n t F t h e n 

f r o m t h e s y s t e m s h o w n i t i s p o s s i b l e t o m a k e V ^ p r o p o r t i o n a l t o F ; 

t h e e x a c t v a l u e o f V . d e p e n d s o n t h e v o l t a g e V a c r o s s R. ( S e e 
o u t x ° o 

F i g . 2. ± K ) . B y c a r e f u l l y c h o o s i n g V i t i s t h e r e f o r e p o s s i b l e t o 

m a k e V ^ e q u a l , t o F l i . H o w e v e r , t h e r e a r e c e r t a i n d i f f i c u l t i e s w i t h 

-1 
t h e s y s t e m j u s t d e s c r i b e d . F o r e x a m p l e , w h e n F i s 100 V m a n d h 

i s o n e m e t r e F h i s e q u a l t o 100 V . S u p p o s e V i s c h o s e n s o a s t o 

m a k e V e q u a l t o 100 V . H i e a m p l i f i e r AM h a s t w o i n p u t s , o n e o f 
o u t 

w h i c h i s V Q u t j t h e o t h e r i n p u t b e i n g . S i n c e AM a m p l i f i e s t h e 

v o l t a g e d i f f e r e n c e ( V . - V . ) a n d t h e f a c t t h a t AM h a n d l e s s m a l l 
x m o u t 

v o l t a g e s r e q u i r e t o b e m a d e a p p r o x i m a t e l y e q u a l t o 100 V ; t h a t 

i s , V . s h o u l d be. m a d e n u m e r i c a l l y e q u a l t o t h e v a l u e o f t h e 

p o t e n t i a l g r a d i e n t F . A l t h o u g h a f i e l d m i l l s i g n a l may b e a m p l i f i e d 

t o p r o v i d e a. v o l t a g e p r o p o r t i o n a l t o J ; i t i s n o t e q u a l l y s i m p l e t o 

m a k e n u m e r i c a l l y e q u a l t o F . H i e a r r a n g e m e n t s h o w n i n F i g . 2.15 

o v e r c o m e s a l l t h e s e d i f f i c u l t i e s . H e r e a g a i n t h e v o l t a g e V o h a s t o 

b e s e l e c t e d t o g i v e t h e c o r r e c t v a l u e s f o r a n d V g . A f i e l d m i l l 

c a l i b r a t i o n w i l l o b v i o u s l y b e n e e d e d t o s e t V . O n c e V i s f i x e d t h e 
o o 

http://ius.de
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\rn}.\R.g.-.z F)i a n d 2!?h 1'i.a.y b_. ebLa. i .ue-d :i'o:..- a l l p . - i ^ i t i a l ^I '.-adlz-c.c.. l e : ^ 
t h a n o r e q u a l t o V / 2 h . 

T h e o r i g i n a l s l i d e w i r e o f t h e r e c o r d e r h a d b « e n r e p l a c e d b y 

E i g a z i (I.965) w i t h a sy tv tera o f 101 b r a s s b o l t . ? , s i z e 10 B A , o n a 

t u f n o l s t r i p . T h e b o l t s v e r e s e p a r a t e d i r o n o n e a n . o t h e r b y a g a p o f 

l / 6 k i n . s o t h a t t h e s l i d e m a y m o v e s m o o t h l y o v e r t h e b o l t h e a d s . T o 

t h e o t h e r s i d e o f t h e b o l t . 5 100 r e s i s t o r s e a c h 10K h a d b e e n s o l d e r e d . 

T h e s l i d e w i r e s e e m e d m o r e t h a n a d e q u a t e f a r t h e p u r p o s e . T h e b a r e 

c o p p e r v i r e i n d i c a t e d i n F i g . 2.15 w a s f i x e d o n t h e t u f n o l s t r i p s o 

a s t o l i e p a r a l l e l , t o t h e l i n e o f b o l t s a n d a b o u t a c e n t i m e t r e f r o m 

t h e l i n e o f b o l t s . T h e m e w i n g s l i d e m a i n t a i n e d t h e n e c e s s a r y c o n t a c t 

w i t h t h e c o p p e r w i r e . I n t h i s w a y t h e r a i s e d a n t e n n a was t o b e 

m a i n t a i n e d a t t h e d e s i r e d p o t e n t i a l . 



1 0 0 , 10K r e s i s t o r s 
gi vi ng 1M 

Motor 
s h a f t 

bare copper s t r 

•* V 
2 

2 Fh 

10 M 

V, = Fh 

to terminal 2 

of the 
amplifier V . t 

r out 

100M 

1 0 0 K 

1 O M 

F I G . 2 .15 MODIFICATION OF T H E S L I D E 

W I R E ASSEMBLY TO PROVIDE V O L T A G E S 

Fh AND 2 F h . 
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CHAPTER 3 

R A I S E D EARTHED ANTENNAS FOR A I R - E A R T H CURRENT MEASUREMENTS 

3-1 S c o p e o f t h e c h a p t e r 

The t e r m a n t e n n a i s u s e d i n a g e n e r a l i z e d s e n s e t o i n c l u d e a n y a i r -

e a r t h c u r r e n t - c o l l e c t i n g s u r f a c e i r r e s p e c t i v e o f i t s s h a p e . I t i s 

s h o w n t h a t a n a n t e n n a a t e a r t h p o t e n t i a l a n d r a i s e d a b o v e t h e g r o u n d 

c a n a l s o b e u s e d f o r a i r - e a r t h c u r r e n t m e a s u r e m e n t s . W i t h r e f e r e n c e 

t o s u c h o b s e r v a t i o n s t h e e f f e c t i v e a r e a A o f a n y a n t e n n a o r t h a t a r e a 

o f t h e E a r t h ' s s u r f a c e t o w h i c h i t i s e q u i v a l e n t w i l l b e r e f e r r e d t o a s 

t h e ' t o t a l c r o s s - s e c t i o n ' . T h i s a p p e a r s i n t h e e q u a t i o n 

I = JA (3-1) 

w h e r e I i s t h e c u r r e n t t h a t f l o w s t o e a r t h f r o m t h e a n t e n n a a n d i i s 

t h e t o t a l a i r - e a r t h c u r r e n t d e n s i t y . The e f f e c t i v e a r e a o f t h e 

a n t e n n a f o r a c o n d u c t i o n c u r r e n t a l o n e w i l l b e k n o w n a s t h e ' c o n d u c t i o n 

c r o s s - s e c t i o n ' - A ^ . A s i m i l a r m e a n i n g i s a t t a c h e d t o t h e e x p r e s s i o n 

' c o n v e c t i o n c r o s s - s e c t i o n ' - A ^ . T h e u s e o f d i f f e r e n t a n t e n n a s 

l e a d s t o t h e i n t r o d u c t i o n o f a c o m p o n e n t c a l l e d ' a d v e c t i o n c u r r e n t ' 

i n a d d i t i o n t o t h e f a m i l i a r c o n d u c t i o n a n d c o n v e c t i o n . 

3.2 A i r - e a r t h c u r r e n t s 

3.2.1 C o n d u c t i o n a n d c o n v e c t i o n c u r r e n t s ; a d v e c t i o n i n t r o d u c e d 

T h e a t m o s p h e r i c c o n d u c t i o n c u r r e n t i n r e s u l t s f r o m t h e m o v e m e n t o f 



3h 

i o n s i n t h e p r e v a i l i n g p o t e n t i a l g r a d i e n t . A s t h e a i r a l w a y s c o n t a i n s 

some s p a c e c h a r g e a n y h y d r o d y n a m i c m o t i o n o f t h e m e d i u m w i l l a l s o g i v e 

r i s e t o a m e c h a n i c a l t r a n s f e r o f c h a r g e s . S i n c e t h e a i r a r o u n d u s i s 

n o t s t i l l t h e a i r - e a r t h c u r r e n t m e a s u r e d a t a n y g i v e n p l a c e w i l l 

c o n t a i n n o t s i m p l y a c o n d u c t i o n c u r r e n t b u t a l s o c u r r e n t s due t o 

m e c h a n i c a l t r a n s f e r o f c h a r g e s . T h e g e n e r a l n a t u r e o f a i r f l o w w a s 

m e n t i o n e d i n C h a p t e r 1. M o v e m e n t o f a c e r t a i n a i r m a s s a t a n y 

p a r t i c u l a r p o s i t i o n i s c e r t a i n l y t h r e e d i m e n s i o n a l a n d may b e s p l i t 

i n t o t w o c o m p o n e n t s , n a m e l y a h o r i z o n t a l a n d a v e r t i c a l m o t i o n ; t h e 

f o r m e r i s m u c h l a r g e r t h a n t h e l a t t e r . P r o p e r t i e s o f a i r s u c h a s 

h e a t , w a t e r v a p o u r a n d s p a c e c h a r g e a r e t r a n s p o r t e d b y e d d y d i f f u s i o n . 

T h e v e r t i c a l t r a n s p o r t o f s p a c e c h a r g e b y e d d y d i f f u s i o n g i v e s r i s e 

t o t h e f a m i l i a r c o n v e c t i o n c u r r e n t i . Q a n d m a y b e w r i t t e n a s 

w h e r e i g i s m e a s u r e d a g a i n s t z a n d p i s t h e s p a c e c h a r g e d e n s i t y ; 

K ( z ) i s t h e c o e f f i c i e n t o f e d d y d i f f u s i v i t y a n d i t d e p e n d s o n z a n d 

o t h e r m e t e o r o l o g i c a l c o n d i t i o n s . T h e t o t a l a i r - e a r t h c u r r e n t d e n s i t y 

i a t a n y p o i n t m a y t h e r e f o r e be w r i t t e n a s 

d p K ( z (3.2) 

( 3 0 ) 
o r 00 

5 7 
i = >vF + K ( 3 . 4 ) 

I n m e t e o r o l o g y t h e t e r m a d v e c t i o n i s u s e d f o r d e s c r i b i n g t h e 
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h o r i z o n t a l t r a n s p o r t o f a i r m a s s e s . T r a n s f e r o f s p a c e c h a r g e b y 

a d v e c t i o n w i l l a l s o c o n s t i t u t e a c u r r e n t a n d m a y b e r e f e r r e d t o a s a n 

a d v e c t i o n c u r r e n t i - , . The l a t t e r w i l l n o t c o n t r i b u t e t o t h e o v e r a l l 
3 

c h a r g e b a l a n c e o f t h e E a r t h ; i t s i m p o r t a n c e i s i n t h e f i r s t f e w 

m e t r e s a n d t h e e f f e c t i n t e g r a t e d o v e r a l a r g p s u r f a c e o f t h e E a r t h 

w i l l b e z e r o . 

3.2.2 P r e v i o u s w o r k o n c o n v e c t i o n c u r r e n t s 

' I h e c o n v e c t i o n c u r r e n t w a s p o s t u l a t e d a s e a r l y a s 1932 b u t i t s 

i m p o r t a n c e t o c h a r g e t r a n s f e r w a s n o t r e a l i s e d t i l l a f e w y e a r s a g o . 

S c h o n l a n d (1955) e x p r e s s e d i g a s p v w h e r e v i s t h e u p w a r d v e r t i c a l 

c o m p o n e n t o f a i r v e l o c i t y . S i n c e v i s u s u a l l y v e r y s m a l l , t h e 

p r i n c i p l e s o f e d d y d i f f u s i o n w e r e a p p l i e d t o t h e p r o b l e m . 

F r o m i o n d e n s i t y a n d s p a c e c h a r g e m e a s u r e m e n t s L a w (1963) 

d e d u c e d t h e v a r i a t i o n o f c o n d u c t i v i t y w i t h h e i g h t i n t h e f i r s t m e t r e . ; 

t h e r e s u l t s d i d n o t a g r e e w i t h a c o n s t a n t c o n d u c t i o n c u r r e n t . T h i s 

l e d h i m t o b r i n g i n a c o n v e c t i o n c u r r e n t t h a t v a r i e s w i t h h e i g h t s o 

a s t o m a i n t a i n a c o n s t a n t t o t a l a i r - e a r t h c u r r e n t . M e a s u r e m e n t s 

o f H i g a z i (1965)* i n t h e f i r s t m e t r e , a l s o s h o w a v a r i a t i o n o f t h e 

t o t a l c o n d u c t i v i t y w i t h h e i g h t . 

E l e c t r i c a l s p a c e c h a r g e m e a s u r e m e n t s o f O g d e n (1967) s h o w e d 

p u l s e s l a s t i n g a b o u t k-Os a n d a b o u t kO pCm h i g h . He a s s o c i a t e d 

t h o s e w i t h f r e e c o n v e c t i o n . A s s u m i n g p u l s e s t o r e p r e s e n t v e r t i c a l 
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c o l u m n s o f s p a c e c h a r g e o f c i r c u l a r h o r i z o n t a l c r o s s - s e c t i o n h e n o t e d 

t h a t t h e h o r i z o n t a l d i a m e t e r s a n d s e p a r a t i o n o f t h e p u l s e s w e r e 

p r o p o r t i o n a l t o w i n d s p e e d . 

3*3 T h e p r e s e n t i n v e s t i g a t i o n 

3»3»1 I n t r o d u c t i o n 

F o r m a n y y e a r s a d i r e c t m e a s u r e m e n t o f t h e t o t a l a i r - e a r t h c u r r e n t 

d e n s i t y 1 h a s b e e n m a d e a t t h e E a r t h ' s s u r f a . c e . C h a l m e r s 1 (1962) 

s u g g e s t i o n t o d e t e r m i n e i a b o v e t h e g r o u n d w a s s h o w n t o b e u n s a t i s f a c t o r y 

( s e e C h a p t e r 2) a n d v e r y l i t t l e w o r k was d o n e o n t h e use o f e a r t h e d 

a n t e n n a s r a i s e d a b o v e t h e g r o u n d . C h a l m e r s (1962) p o i n t e d o u t t h a t 

t h e s e w o u l d n o t m e a s u r e i b u t t h e p o l a r c o n d u c t i v i t y c o r r e s p o n d i n g t o 

t h a t h e i g h t . H o w e v e r , K a s e m i r a n d R u h n k e (1959) u s e d w i r e a n t e n n a s 

f o r e s t i m a t i n g t h e a i r - e a r t h c u r r e n t d e n s i t y . T h e a u t i i o r t h e r e f o r e 

d e c i d e d t o e s t a b l i s h c o n c l u s i v e l y b y e x p e r i m e n t w h a t a r a i s e d a n t e n n a 

w o u l d m e a s u r e . 

T h e p r e l i m i n a r y s e t o f o b s e r v a t i o n s w e r e made u s i n g t w o c i r c u l a r 

2 

p l a t e a n t e n n a s e a c h o f a r e a 1 m , o n e r a i s e d a n d t h e o t h e r i n t h e 

p l a n e o f t h e E a r t h ' s s u r f a c e . T h e f o r m e r w i l l b e r e f e r r e d t o a s t h e 

' r a i s e d p l a t e a n t e n n a ' a n d t h e l a t t e r ' f l u s h p l a t e a n t e n n a ' . A n 

i n v e s t i g a t i o n w a s a l s o m a d e t o see h o w a r a i s e d h o r i z o n t a l w i r e 

b e h a v e s w h e n u s e d f o r a i r - e a r t h c u r r e n t m e a s u r e m e n t s . S o o n i t b e c a m e 

c l e a r t h a . t K a s e m i r (1959) w a s r i g h t a n d t h a t r a i s e d , e a r t h e d 

a n t e n n a s d o , i n f a c t , m e a s u r e i . 

http://surfa.ce
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W i r e a n t e n n a s , f o r e x a m p l e a r e e a s y t o make a n d a p p e a r 

2 

s a t i s f a c t o r y w i t h e f f e c t i v e a r e a a s h i g h , a s 1000 m • A g r e a t d e a l 

a b o u t c o n d u c t i o n a n d c o n v e c t i o n c u r r e n t s m a y a l s o b e l e a r n e d u s i n g 

a n t e n n a s o f d i f f e r e n t s h a p e s a n d s i z e s ; t h e y r e s p o n d d i f f e r e n t l y t o 

c o n d u c t i o n a n d c o n v e c t i o n c u r r e n t s . 

3.3.2 T w o - t e r m i n a l c h a r a c t e r i s t i c s o f a n a n t e n n a f o r m e a s u r i n g 
a i r - e a r t h c o n d u c t i o n ^ u r r e i v c o 

A n a n t e n n a a t h e i g h t h a b o v e t h e g r o u n d w i l l a t t a i n a p o t e n t i a l <t> 

e q u a l t o i n i n a t i m e l a r g e c o m p a r e d t o t h e r e l a x a t i o n t i m e o f t h e 

a t m o s p h e r e . H e r e F i s t h e p o t e n t i a l g r a d i e n t a n d $ i s t h e o p e n 

c i r c u i t v o l t a g e r e f e r r e d t o b e l o w . I f t h e a n t e n n a i s c o n n e c t e d t o 

e a r t h a c u r r e n t I f l o w s t o e a r t h ; h e r e I i s t h e s o - c a l l e d s h o r t -

c i r c u i t c u r r e n t a n d i s p r o p o r t i o n a l t o t h e c o n d u c t i o n c u r r e n t d e n s i t y 

T h e a n t e n n a may t h e r e f o r e b e r e g a r d e d a s a t w o - t e r m i n a l d e v i c e . 

F r o m T h e v s n i n ' s t h e o r e m ( o r b y N o r t o n ' s e q u i v a l e n t ) s u c h a d e v i c e may 

b e r e p r e s e n t e d b y t h r e e c h a r a c t e r i s t i c e l e m e n t s , n a m e l y a n o p e n 

c i r c u i t v o l t a g e , a s h o r t c i r c u i t c u r r e n t a n d a n i n t e r n a l i m p e d a n c e . 

I n t h i s w a y K a s e m i r a n d R u h n k e (1959) d e s c r i b e t h e b e h a v i o u r o f a 

c o n d u c t i o n - c u r r e n t m e a s u r i n g a n t e n n a b y <t>, I a n d Z, w h e r e Z i s t h e 
r r 

i m p e d a n c e o f t h e a n t e n n a . T h e l a t t e r i s t h e i m p e d a n c e b e t w e e n t h e 
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a n t e n n a a n d t h e s u r r o u n d i n g a i r a n d may b e r e p r e s e n t e d b y a r e s i s t a n c e 

r a n d a c a p a c i t a n c e c i n p a r a l l e l . ( S e e K a s e m i r , 1955)* The 

e q u i v a l e n t c i r c u i t o f t h e a n t e n n a i s shown i n F i g . 3»1« The t i m e 

c o n s t a n t RC o f t h e m e a s u r i n g i m p e d a n c e i s e q u a l t o t h a t ^ r C j O f t h e a i r ; 

t h i s i s d e s c r i b e d b y K a s e m i r a n d R u h n k e (1959) a s t h e m a t c h i n g c o n d i t i o n 

a n d i t i s a g e n e r a l r e q u i r e m e n t f o r a l l c u r r e n t - m e a s u r i n g a n t e n n a s . 

T h e m e a s u r i n g i n s t r u m e n t i s i n d i c a t e d i n F i g . 3°2 a s a l o a d i m p e d a n c e 

L e t b e t h e s h o r t c i r c u i t c u r r e n t t h a t f l o w s t h r o u g h r i f t h e 

m a t c h i n g c o n d i t i o n i s s a t i s f i e d ( F i g . 3'3)« W i t h t h e u s u a l n o t a t i o n 

we c a n w r i t e 

H e r e i s t h e c o n d u c t i o n c r o s s - s e c t i o n o f t h e a n t e n n a a n d i ^ i s t h e 

c o n d u c t i o n c u r r e n t d e n s i t y . I f P . / r « 1, I n « I w h e r e I D i s t h e 

c u r r e n t t h a t f l o w s t h r o u g h t h e m e a s u r i n g i n s t r u m e n t . T h e a n t e n n a 

t h e n d r a w s t h e m a x i m u m c u r r e n t f r o m t h e s u r r o u n d i n g s . S i n c e 1, ~ I . D , 
1 ti 

t h e c o n d u c t i o n c u r r e n t d e n s i t y m a y b e e s t i m a t e d b y a k n o w l e d g e o f t h e 

c o n d u c t i o n c r o s s - s e c t i o n A ^ . 

A s s u m i n g t h e a n t e n n a i s a t h e i g h t h a b o v e t h e g r o u n d , t h e o p e n 

c i r c u i t v o l t a g e <fr i s g i v e n b y 

1 1 

• 5 3 F h 

a l s o • = L , r 



4> 0 Thevenin 's 

equ iva len t 

Norton's 

e q u i v a l e n t 

F I G . 3.1 A N T E N N A R E P R E S E N T E D BY AN 

A C T I V E T W O - T E R M I N A L D E V I C E . 
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Fh 
T . J-

Fh 

° \ A 1 

i »e . r A = ^ (3.5) 
1 

I f F- 200 Vm" 1 , ±1 ~ 2 x 1 0 " 1 2 A m " 2 and h = 3m 

Ik 2 r A x = 10 Q - m 

Ik 2 i . e . r = 10 ft i f A n lm 

When measuring a i r - ea r t h currents i t i s usual to use a v i b r a t i n g reed 

electrometer wi th an input resistance ofabout 10'^ft. Measurement i s 

therefore one of current since r/R ~ l / lOO. So f a r we have made no 

r e s t r i c t i o n on the shape of the antenna. Now from (3»5) 

h 
Ar •(3.6) 

where ^ i s the conduct ivi ty . Since rc i s the time constant of the 

a i r we have 

re (3.7) 

Hence from (3-6) and (3.?) 



V I Y I R 

R 

1 = 1 IF R < < R 
R i 

F I G . 3 . 3 E Q U I V A L E N T C I R C U I T O F A 

C O N D U C T I O N - C U R R E N T M E A S U R I N G A N T E N N A 

W H E N T H E M A T C H I N G C O N D I T I O N I S 

S A T I S F I E D . 
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3»3-3 An a l t e rna t ive der iva t ion of the conduction cross-section A^ 

An earthed antenna of capacitance c a t height h above the ground 

must carry a charge Q where 

0 = Fh + -
c 

i . e . Q = - Fhc (3-9) 

The surface density of charge is dQ/dS; Q w i l l not be d i s t r i bu t ed 

uniformly. The po ten t i a l gradient j u s t a t the surface of the antenna 

i s F 1 where 

F' £3 _ — B £ dS 
o 

- - ^ M — } 
i . e . F ' = ~ - ^ j F h c j (3.10) 

For a large p la te p a r a l l e l t o the Ear th 's surface we may wr i t e , 

neglecting end e f f ec t s 
€ S 

c = (3.11) 

where S q i s the surface area of the p la te . We note therefore from 

(3«10) and (3«l l ) that f o r such a plate F ' = F. However, the 

capacitative end e f f e c t s may not be neglected f o r a plate having an 
2 

area of about 1 m and i n general we sha l l assume F ' ^ F. 
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Now i = 

and j = AF' 

where j i s the current density j u s t a t the surface of the antenna. 

j = i x ( j) 
Subst i tu t ing f o r F'/F from (3«10) the above equation becomes 

j = \ &_ •{ he \ 
e dS 

o 
The t o t a l current 1̂  t o tlie antenna i s therefore given by 

surface 

h= i± f h {hc}35 

surface 

i-e- I , = ~ (3-12) 

Therefore by d e f i n i t i o n the conduction cross-section of the antenna. 

i s given by 

a x = | £ (3-13) 
o 

For a wire of length I , diameter d and height h above the ground 

2fle i 
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The conduction cross-section A of the wire is therefore given by 

A =

 2«™ 
lw „ /'lttl> 

For a plate above the ground we see from. (3.13) that the conduction 

cross-section An i s equal to S i f the capacitative end e f f e c t s can l p o 
be neglected. 

3«3»^ Measurement of the t o t a l cross-section of a p la te antenna 
raised above the Earth 's surface 

The t o t a l cross--section A may be obtained by measuring the current 

f l owing to earth frcm the antenna and then comparing the resul ts w i t h 

that of an antenna having a known cross-section. This may be easi ly 

done since a plate antenna i n the plane of the Earth 's surface i s 

known to have a t o t a l cross-section numerically equal to i t s surface 

area. 
2 

Two aluminium plates each o f area 1 m , mounted on polystyrene 

insula tors , were used as antennas, one i n the plane of the Earth 's 

surface and the other at 50 cm above the ground. Separate v i b r a t i n g 

reed electrometers (V.R.Es) measured the ind iv idua l antenna currents; 

the input r es i s to r was lO^Sa. The displacement currents were made 

unimportant by having a time constant of about 100 s, A de ta i led 

account of the V. R.Es., the pen recorder and other instruments w i l l 

be given i n the next chapter. Recording was done f o r about 100 h r . 

on 111- selected f i n e days. The two current traces appeared t o be 
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p r a c t i c a l l y i d e n t i c a l . A por t ion of the recording is shown in F i g . 3»^« 

During the ent i re per iod of observation the current traces were exactly 

a l i k e . Since the currents that f l o w t o earth from the two antennas 

show iden t i c a l var ia t ions we may say without any doubt tha t a raised 

plate antenna measures exactly what a plate antenna i n the plane of 

the Earth 's surface would measure. 

Measurements made on f i v e days each of which had a continuous 

recording period of about 10 hr . were selected to calculate the 

average values. Readings were taken s t ra igh t from the charts at 15 min 

intervals and the calculated mean values are given i n Table 3«1« The 

mean value of the current to the raised antenna i s 2.0k times that 
2 

to the f l u s h antenna. The t o t a l cross-section of a 1 m pla te a t 
2 

50 cm above the ground must therefore be 2.0^ m . This is larger 

than i t s surface area and w i l l obviously be due t o capacitative end 

e f f e c t s . 

3»3»5 Preliminary measurements of the t o t a l a i r - ea r th current 
using two d i f f e r e n t antennas, a wire and a plate 

2 

A plate of area 1 m set i n the plane of the Earth 's surface formed 

one antenna. The other was a wire 1 mm i n diameter, 3»5 m i n length 

and at f0 cm above the ground. The wire w i l l c o l l e c t a la rger 

propor t ion of the conduction current since i t s conduction cross-

section i s 2.5 times that of the plate antenna. Preliminary measure-
-12 

ments however, indicated a current of about 1 x 10 A f o r the wire 
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1 
| Date 
! 

! 

• 

Raised antenna 
average 
current 

Flush antenna 
average 
current 

Ratio of raised 
t o f l u s h antenna 

currents 

i 1 1 
10/11/67 

-12 
0.16 x 10 A 0.70 x 10" 1 2A 0.22 

! 11/11/67 1.02 0.50 2.03 

28/11/67 0.92 0.30 3.05 

29/11/67 1.78 0.70 2.53 

1/12/67 1.21+ 0.52 2.39 
1 

TABLE 3.1 AVERAGE VALUES OF THE CURRENT TO TWO PLATE ANTENNAS 
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and about 3 x 10 A f o r the p la te . This was rather a surpr is ing 

resu l t and t e l l s tha t there are other currents i n the atmosphere 

comparable to the conduction current. Moreover gusts and l u l l s were 

nearly always accompanied by sudden increases and decreases of the 

current recorded. The t rans fe r of space charge by a i r movements has 

a v i t a l e f f e c t on the d i r ec t method measurements of the a i r - ea r th 

current ; the la rger the surface area of the antenna, the greater i s 

the space charge brought to i t by mechanical means. This i s why 

the pla te recorded a larger current compared to the wire antenna. 

More experimental resul t s have since been obtained and they w i l l be 

described i n d e t a i l i n the chapters that f o l l o w . 
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CHAPTER k 

AIR-EARTH CURRENT, POTENTIAL GRADIENT AND OTHER MEASURING 
APPARATUS 

k»1 A i r - e a r t h current antennas 
2 

Two aluminium c i r c u l a r plates each approximately 1 m i n area, 

supported on polystyrene insula tors , formed two a i r - ea r th current 

measuring antennas. One was set i n the plane of the ground and the 

other at 50 cm above the surface. Two wire antennas were also used; 

both were 6 m i n length and 1 mm i n diameter and were arranged about 

1 m above the ground. 

J+.2 The f i e l d m i l l 

2.1 Pr inciple of operation 

Charges of equal magnitude but of opposite s ign are induced on 

the upper and lower sides of a p la te P-j exposed to a po ten t i a l 

gradient F. (See F ig . k» l a ) . I f P i s connected to earth through 

a resistance R as shown i n Fig. k,l(b), then the pos i t ive charge w i l l 

pass t o earth while the negative charge remains on the p l a t e , since 

the l a t t e r charge i s bound by the f i e l d . Consider the e f f e c t of 

covering but not touching P^ by a second pla te P^ which i s earthed. 

(See F ig . k, l c ) . The negative charge on P^ i s no longer bound and 

f lows to earth through R, thereby producing a p o t e n t i a l d i f ference 
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across the l a t t e r . When Pg i s moved so as to cover and uncover P 1 

an a l t e rna t ing po t en t i a l d i f fe rence V f m i s developed across P.. The 

magnitude of is propor t ional to the po ten t i a l gradient; may­

be ampl i f i ed , r e c t i f i e d and measured. A capacitance C of about 100 -

300 pF i s connected across R as shown i n F ig . k.2 t o smooth out the 

voltage f l uc tua t i ons . 

The screening pla te P^ i s usually a vaned disc , normally motor-

diven and i s c a l l ed the ' ro to r ' ' . The f i x e d p la te P.^ the so-cal led 

' s t a t o r ' , i s s imi la r t o the moving disc. 

ko2.2 Design and construction 

Figs. It-. 3 and h»k show the sal ient features of the f i e l d m i l l . 

Both the ro to r and the s ta tor were made from 16 gauge aluminium sheet: 

each was a four-sectored disc. Addi t ional screening f o r the s ta tor was 

obtained from a circular- guard r i n g AA, which was also used f o r discr im­

i n a t i n g the sign of the p o t e n t i a l gradient; th i s w i l l be described 

l a t e r . Two -pring loaded brushes formed the ear thing device f o r the 

ro to r . 

The o r i g i n a l design used a k^OO r .p .m. a, c. motor, producing 

a s ignal approximately a t 300 Hz. The 50 Hz mains pick-up was 

unavoidable even a f t e r c a r e f u l shie ld ing of the motor. The advantage 

of having a sharply tuned ampl i f i e r was rea l ized and the author b u i l t 

an a m p l i f i e r tuned to approximately 300 Hz. S e l e c t i v i t y was provided 
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by a t w i n - T f i l t e r i n c l u d e d i n a feed-back l o o p . Al though the c i r c u i t 

proved s a t i s f a c t o r y there were disadvantages o f not hav ing a synchronous 

motor . The motor was no t m a i n t a i n i n g a constant speed even when r u n 

f r o m a 240 V constant v o l t a g e t r a n s f o r m e r . The non-constancy -of the 

motor speed a f f e c t e d cons ide rab ly the ga in of the tunec a m p l i f i e r , and 

produced unequal a m p l i f i c a t i o n a t d i f f e r e n t t imes . However, a 

synchronous motor was not i n s tock so the des ign changed t o a 24 V 

d . c. motor . The f i e l d m i l l then produced a s i g n a l a t 180 Hz. As 

expected, the d . c. motor produced no mains p i c k - u p . A tuned a m p l i f i e r 

was no longe r needed and the new a m p l i f i e r developed w i l l be descr ibed 

i n t h e next s e c t i o n . 

4. 2.3 The a m p l i f i e r 

I n moderate p o t e n t i a l g r ad i en t s a conven t iona l f i e l d m i l l produces 

an a. c. v o l t a g e o f a f ew m i l l i v o l t s , and needs f u r t h e r a m p l i f i c a t i o n 

f o r ease o f r e c o r d i n g . High i n p u t impedance, low ou tpu t impedance and 

s u f f i c i e n t g a i n are t h e requirements of the a m p l i f i e r . 

( a ) F r e - a m p l i f i e r 

The bas i c way o f o b t a i n i n g a h i g h i n p u t impedance, us ing t r a n s i s t o r s , 

i s t o use an e m i t t e r f o l l o w e r as shown i n F i g . 4 . 5 ( a ) . Here the i n p u t 

i s a p p l i e d t o the base o f t h e t r a n s i s t o r and the output i s taken f r o m 

the e m i t t e r . The i n p u t impedance Z o f t h i s c i r c u i t i s R^G where Rj. 

i s t he e m i t t e r l o a d and G i s the c u r r e n t ga in o f the t r a n s i s t o r . Thus, 
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w i t h R L B= 10 k f l and G = 50, Z = 500 k £ I n p r a c t i c e , 1^ has t o be 

kept w i t h i n reasonable l i m i t s , and t h e a c t u a l cur-rent gains of t r a n s i s ­

t o r s are a l s o no t ve ry h i g h . Consequently the re i s an upper l i m i t 

t o the i n p u t impedance obta inable f r o m t h i s type of c i r c u i t ; an 

impedance g r e a t e r than a few megohms does no t seem feas ib l eo 

However, i t i s p o s s i b l e t o increase the e f f e c t i v e cu r r en t ga in 

of a t r a n s i s t o r by a r t i f i c i a l means, and the most common way o f doing 

t h i s i s shown i n Figo 4 .5 (h)* The c i r c u i t uses two t r a n s i s t o r s and 

i s commonly r e f e r r e d t o as an 'Super-Alpha p a i r ' . The two t r a n s i s t o r s 

f o r m a t h r e e - t e r m i n a l network and can be regarded as a s i n g l e 

t r a n s i s t o r i n which the e f f e c t i v e c u r r e n t g a i n i s the product o f the 

two i n d i v i d u a l t r a n s i s t o r ga ins . The i n p u t impedance of the c i r c u i t 

of F i g . 4 . 5 (b ) i s t h e r e f o r e R^G^G^ where G 1 and G £ are t h e cu r r en t 

gains o f the two t r a n s i s t o r s T^ and Tg. Therefore i f G.̂  = G g = 100 

and Rj^ = 10 hS, Z i s equal t o 100 Ml. 

So f a r we have neg lec ted the e f f e c t o f t h e ba se -b i a s ing r e s i s t o r 

Rg and the leakage impedance of the t r a n s i s t o r s . The s o - c a l l e d 

' b o o t s t r a p p i n g 1 may be used t o reduce the shun t ing e f f e c t o f the base-

b i a s r e s i s t o r . This i s i l l u s t r a t e d i n F i g . 4 . 5 ( c ) . The leakage may 

be min imized by u s i n g low-leakage t r a n s i s t o r s . 

The c i r c u i t diagram of the h i g h i n p u t impedance p r e - a m p l i f i e r 

i s shown i n F i g . 4.6. Here T^ f u n c t i o n s as an o rd ina ry a m p l i f i e r . 

The t r a n s i s t o r s are s i l i c o n , low-no ise and h i g h g a i n . The p r e - a m p l i f i e r 
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has a voLtage ga in o f k-1 dB and a f l a t response f r o m 10 t o 8000 Hz« 
(b) F u r t h e r a m p l i f i c a t i o n 

The p o t e n t i a l g r a d i e n t was t o be recorded on a 0 - 1mA, 600 fl 

pen recorder- The ou tpu t o f the p r e - a m p l i f i e r was no t s u f f i c i e n t t o 

d r i v e such a recorder and f u r t h e r a m p l i f i c a t i o n was ob ta ined us ing 

the c i r c u i t shown i n F i g . k . f . Th is was designed t o s a t i s f y the l e a d 

requi rements . The t r a n s f o r m e r TR was home-made t o match the impedance 

requirements . The diode b r i d g e r e c t i f i e s t h e a m p l i f i e d output and 

d r i v e s the pen r eco rde r ; smoothing was p r o v i d e d by The p o t e n t i o ­

meter PR c o n t r o l s t h e a m p l i f i e d ou tpu t . 

k. 1.h F i e l d m i l l s i g n d i s c r i m i n a t i o n 

D i f f e r e n t methods a re a v a i l a b l e f o r d i s c r i m i n a t i n g the s ign o f 

the p o t e n t i a l g r a d i e n t and a c r i t i c a l survey i s g i v e n by Chalmers 

(1967) -

The au thor used t h e s o - c a l l e d ' o f f - s e t z e r o 1 method- The p r i n c i p l e 

i s e s s e n t i a l l y the f o l l o w i n g . The guard r i n g AA was mounted on f o u r 

sma l l p ieces of perspex PP (see F i g . 4.8) and a b i a s v o l t a g e was 

a p p l i e d t o AA f o r about 10s once every th ree minu te s ; AA remained 

connected t o ea r th a t a l l o the r t imes . Th i s was achieved by a cam-

operated r e l a y as shown. A synchronous c lock motor operated the cam; 

the motor made one r e v o l u t i o n i n every s i x minutes . The guard r i n g 

AA a c q u i r e d a p o t e n t i a l w i t h respec t t o e a r t h on ly when the r e l a y 
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5 1 

contac ts were open. A 9V - PP9 Ever Ready b a t t e r y supp l i ed the b i a s , 

the po ten t iomete r enabled the v o l t a g e impressed on AA t o be 

c o n t r o l l e d . 

The b i a s impressed on AA causes a ' p u l s e ' tobe superimposed on 

t h e f i e l d m i l l s i g n a l . I f t he b i a s i s p o s i t i v e and i n a 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 when the pulse i s a p p l i e d , a spike i n the p o s i t i v e 

d i r e c t i o n v i l l be superimposed on the ou tpu t r e c o r d . On the o the r 

hand, i n a nega t ive p o t e n t i a l g r a d i e n t such a p o s i t i v e pulse appl ied , 

t o the guard r i n g would reduce the magnitude o f the p o t e n t i a l g r a d i e n t 

recorded j u s t f o r the d u r a t i o n o f the p u l s e ; t h i s would r e s u l t i n 

a spike i n the oppos i te d i r e c t i o n - t h a t is towards zero . A t y p i c a l , 

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

shown i n F i g . k. 9. 

4.3 Space charge and i o n dens i ty measurements 

4 . 3 . 1 The space charge c o l l e c t o r 

The p r i n c i p l e of o p e r a t i o n o f the . -o l lec tor i s g i v e n below.; a 

d e t a i l e d account o f i t s design and c o n s t r u c t i o n i s g iven by Bent (196^)0 

F i g . 4 .10 i s a diagrammatic r e p r e s e n t a t i o n of the space charge 

c o l l e c t o r . The p r e - f i l t e r PF has a s t a i n l e s s s t e e l and a glass wool 

medium. The main f i l t e r MP i s a glass-asbestos f i b r e medium enclosed 

i n an aluminium f r ame . The inner cone IC ho lds t h e f i l t e r s and was 

h i g h l y i n s u l a t e d f r o m the ou t e r cone OC; IC behaves as a Faraday 
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cage and was connected bo e a r t h through a r e s i s t ance R o f the o rde r 

t o e a r t h -through R. For steady condition.':; the c u r r e n t through. R w i l l 

sucked i n and the p o t e n t i a l d i f f e r e n c e across? R ind ica t e s« the charjj-:.-

dens i ty present, i n a i r . 

k» 3«2 'Ihe i o n counter 

This was b a s i c a l l y a c y l i n d r i c a l condenser - a e.;y\'Lludrlcal tub:; 

i n s i d e 'which •was a c o a x i a l rod.. I t ia I l l u s t r a t e d l u .V'igi:. 4= j . l and 

ih. 12. The i n n e r e l e c t r o d e IE was h i g h l y I n s u l a t e d and connected t o 

e a r t h through a lO^ '^ l r e s i s t o r . A i r was drawn i n through the nubc-

u s i n g a s u c t i o n f a n . A l a r g e eon s t e n t p o t e n t i a l d i f f e r e n c e ma in ta ined 

between the two e l ec t rodes IE and OE ensured t h a t ions o f o n l y one-

s i g n a r r i v e d , a t one e l e c t r o d e . A v i b r a t i n g reed e l ec t rome te r 

measured the v o l t a g e produced across t l i e IC ' 1 "^ r e s i s t o r * Jons o f 

e i t h e r s i g n may be measured b y changing the s i g n or x..o.e a p p l i e d 

p o t e n t i a l d i f f e r e n c e between IE and 0E» 

Let us consider the p o s i t i v e i o n dens i ty raeasurementi::.. The ou te r 

e l ec t rode i s rnade p o s i t i v e w i t h respec t t o the inner* The s lee t r i e 

i n t e n s i t y E a t a p o i n t on tee sur face of a c y l i n d e r o f r a d i u s r 

(where a < r < b ) i s g i v e n by 

1 
o f 10" u . A charge Q kept i n s i d e 1'C causes an equal oharg? t o pao" 

be equal to the r a t e o f a r r i v a l of charge i dQ/dt . A i r If. con t inuous ly 

E V 

r £n 
V V o o o n 
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25.4 cm 0.4 cm 

35 .6 cm 2.7 cm 

F I G . 4.12 ION COUNTER - DESIGN . 



where V i s the p o t e n t i a l of OE w i t h respec t t o IE„ I n t ime S t a. 

p o s i t i v e i o n moves through a d i s t ance B r g iven by 

B r = - CD. E 6 t . ( 4 . 2 ) 
I T 

whereto^ i s the m o b i l i t y o f t h e p o s i t i v e ions., From (4.2.) and (4 .2 

we o b t a i n 

(!) B r r In 
B t 

(D„V 

The t i m e taken f o r a p o s i t i v e i o n t o move f r o m the outer c y l i n d e r 1 

the i nne r one i s t h e r e f o r e 

4 » n v 

di 

2s in 
0> 

co_V 

I f t he v e l o c i t y a t which the a i r is drawn i n i s u , then i n t ime t a 

w i l l have moved a d i s tance u t . The arrangement w i l l c o l l e c t , a l l fh 

p o s i t i v e ions i f 

where & i s t h e l e n g t h o f the i n n e r conductor. Therefore f r c e i (4. ;5) 

and (4 .4 ) the c o n d i t i o n f o r i o n coun t ing i s 



( 0 u i n < & 
2 a>.V 

( 0 
u (b a 4.5) i n 2 cu.i 

The a i r f l o w r a t e was 2.1 i s and. V was ma.de 300 V. The l i n e a r 

diamensions of t h e counter are g i v e n be low: 

a = 0 . 4 cm 

b = 2.7 cm 

and i = 25. 4 cm 

Under these c o n d i t i o n s we see f r o m ( 4 .5 ) t h a t the count-err c o l l e c t e d 

a l l the smal l ions and a f e w l a r g e ions . 

4.3*3 The s u c t i o n f a n and t h e gas meter 

The f a n operated f r o m 110 V a . c . and had a capac i ty of about 

2.1 Jts""L. The a i r f l o w r a t e was measured u s i n g a conven t iona l domest 

gas meter . A m i c r o - s w i t c h f i t t e d close t o ihe r o t a t i n g arm o f the 

gas meter produced f i v e con tac t s f o r every 5^.6 l i t r e s o f a i r sucked 

through. Th i s enabled the f l o w r a t e t o be moni to red a t some dis tance 

away, i n s i d e the l a b o r a t o r y . 

4.4 The anemometer and a s soc i a t ed diode pump c i r c u i t 

For w ind speed measurements a three-cup anemometer manufactured 

http://ma.de
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by Casel la and Co. L t d . , was used. I t was of the cup con tac t t y p e ; 

t ha t i s , the anemometer c losed a p a i r o f contacts t w i c e every t h r e e 

r e v o l u t i o n s of the cups. 

A continuous r e c o r d of the w i n d speed was ob ta ined by us ing the 

anemometer a long w i t h a s o - c a l l e d diode pump c i r c u i t . A t y p i c a l 

arrangement o f the l a t t e r i s shown i n F i g . 4.13. There are two 

arrangements, ( a ) and ( b ) , w i t h d i f f e r e n t diode phasings. I t can 

be used w i t h assoc ia ted equipment as a f requency meter t o measure 

t h e average r a t e of pulses o c c u r r i n g a t randan. The- c i r c u i t i s arranged 

i n such a way t h a t the i n p u t v o l t a g e V changes by a constant amount 
i n 

each t ime a pulse i s r ece ived . The means of accompl i sh ing t h i s are 

descr ibed l a t e r . 

Assume t h a t a s t r i n g o f pulses i s a p p l i e d t o the c i r c u i t shown 

i n F i g . 4.13 ( a ) . As the i n p u t becomes p o s i t i v e , diode conducts 

and the capac i to r C^ i s charged u n t i l i t s p o t e n t i a l d i f f e r e n c e i s V^M» 

When the i npu t goes negat ive becomes conduc t ing ; i s cu t o f f 

and .the charge on C.̂  i s fed i n t o Cg. I f 2f i s the average nusriber 

o f pulses per second the mean output v o l t a g e V t developed across 

R can be shown t o be g iven by 

out \ 1+fC.jR J i n 

I f t h e diode pump bas ic c i r c u i t i s t o be used as a f requency meter , 

then V o u ^ , must be p r o p o r t i o n a l t o f . Th is r e q u i r e s C^R t o be sma l l 
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compared w i t h u n i t y . The disadvantage i s t h a t V ^ i s s taal l unless 

V.. i s l a r g e . However, s ince may be made l a r g e a t w i l l , we can 

s t i l l use the above c i r c u i t as a f requency meter f o r coun t ing the 

r a t e o f occurrence of a g iven set of pu l ses . The use o f the diode 

pump c i r c u i t w i t h the anemometer i s shown i n F i g . k»lk* 

k. 5 Power suppl ies 

The source of power was the 2^0 V a .c . mains. The v i b r a t i n g reed 

e l ec t rome te r s , the Bank d. c. a m p l i f i e r and the s u c t i o n f a n a l l 

operated d i r e c t l y f r o m the mains. The f i e l d m i l l motor was d r i v e n 

f r o m a 12 V car b a t t e r y . Two such b a t t e r i e s were a v a i l a b l e so t h a t 

i t was p o s s i b l e t o charge one wh i l e the o t h e r was i n use. 

ho5»1 The 9V power supply 

Th i s i s shown i n F i g . 4 .15 . The c i r c u i t was s t a b i l i z e d u s ing a 

± 5 per cent Zener d iode . The diode r e q u i r e s a minimum o p e r a t i n g 

c u r r e n t of 20 mA. The l o a d c u r r e n t i s l i m i t e d t o about 70 mA. The 

c i r c u i t was designed so t h a t 20 mA w i l l always be a v a i l a b l e f o r the 

diode i n order f o r i t t o r e g u l a t e even under the extreme c o n d i t i o n s . 

h. 5.2 The 300 V s t a b i l i z e d supply 

F i g s . k. 16 and * u l 7 show the c i r c u i t diagrams of the complete 

supply. The c i r c u i t of F i g . k. 16 gave an u n s t a b i l i z e d o u t p u t , the 
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n o - l o a d mean va lue of -which was about 550 V. Hie u n s t a b i l i z e d v o l t a g e 

was then a p p l i e d t o the s t a b i l i z e r of F i g . 4 .17 ; the l a t t e r was taken 

f r o m F e i r i b e f g ' s (1966) handbook o f e l e c t r o n i c c i r c u i t s . The s t a b i l i z e r 

p r o v i d e d an output o f 300 V a t a maximum l o a d cu r r en t o f 100 mA. 

h>6 Other apparatus 

it- .6.1 The v i b r a t i n g reed e l ec t rome te r (V. R .E . ) 

The ins t rument i s an e l e c t r o n i c e lec t romete r in tended f o r measuring 

cu r r en t s i n the .range 10 ^ t o 10 """4A f r o m ve ry h i g h r e s i s t i v e sources. 

B a s i c a l l y i t cons i s t s o f two sec t ions , a 'head u n i t ' and an ' i n d i c a t o r 

u n i t ' . The former inco rpora t e s an e l e c t r c m e t e r - p r e - a m p l i f i e r and may 

be separated f r o m the i n d i c a t o r u n i t by up t o about 20 m. 

The cu r r en t t o be measured passes through one of the i n p u t r e s i s t o r s 

which may be e i t h e r 10^, 1 0 1 U or 10"^ fl. The v o l t a g e produced across 

the se lec ted i n p u t r e s i s t o r i s conver ted t o an a. c. v o l t a g e a t a 

f requency i n the range MOO - k'JQ Hz. The r e s u l t i n g a. c. v o l t a g e i s 

a m p l i f i e d , r e c t i f i e d and d i s p l a y e d on a meter. There i s p r o v i s i o n f o r 

connexion t o an e x t e r n a l meter . The. ins t rument uses a t o t a l of 13 

va lve s and f o r g rea te r s t a b i l i t y i t should be l e f t con t inuous ly swi tched 

on. 
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k.6.2 The Rank d .c . a m p l i f i e r 

-6 -13 

T h i s measures c u r r e n t s i n the range 10 t o 10 A and s m a l l 

increments of charge. B a s i c a l l y t h e ins t rument may be s u b - d i v i d e d 

i n t o two main sec t ions , an ' e l e c t r o m e t e r ' and a h i g h g a i n t r a n s i s t o r ­

i z e d d .c . a m p l i f i e r . The e lec t romete r s e c t i o n and the main a m p l i f i e r 

are housed t o g e t h e r as one u n i t . 

The cu r r en t to -be measured i s a p p l i e d t o one of the seven i n p u t 
6 12 

r e s i s t o r s which ranges f r o m 10 t o 10 Q. The v o l t a g e developed 

across the [Selected r e s i s t o r i s a m p l i f i e d and the ou tpu t i s i n d i c a t e d 

on a 0 - 1 mA meter . There i s a g a i n p r o v i s i o n f o r a 1 mA e x t e r n a l 

meter. Manufacturers c l a i m an accuracy o f b e t t e r than ± 5 P e r cent 

f . s . d . f o r mains v a r i a t i o n s of ± 10 per cent . The response t ime of 

the ins t rument i s l e s s than one second f o r measurement of 10 1 " L A ; 
-12 

i t i s about f i v e seconds f o r 10 A. 

4.6.3 The pen r eco rde r 

A r e c o n d i t i o n e d E v e r e t t Edgcumbe I n k w e l l f o u r - p e n r eco rde r was 

used throughout t h e i n v e s t i g a t i o n . The f o u r pens were a l l independent 

and the c h a r t d r i v e mechanism was f r o m a 2kO V a .c . synchronous motor . 

The c h a r t speed had a minimum v a l u e of 1.3 cm a minu te . 

h.6.k The i o n generator 

T h i s i s e x a c t l y t h a t descr ibed by Bent (1964) except t h a t the 
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r a d i o a c t i v e source was rep laced by a m i l d en-source, Americium 121. 

To understand the p r i n c i p l e o f o p e r a t i o n consider F i g . !+. 18. The 

r a d i o a c t i v e source l i e s i n s i d e and about 2 cm below the t o p o f a brass 

tube BT. I f BT i s s u f f i c i e n t l y p o s i t i v e w i t h respec t t o ea r th and 

when a i r i s blown through the tube BT, p o s i t i v e ions w i l l emerge f r o m 

BT i n l a r g e numbers. S i m i l a r l y nega t ive ions may be ob ta ined by making 

BT s u f f i c i e n t l y nega t ive w i t h respect t o .earth. A i r was blown us ing 

a p o w e r f u l d . c. motor . 
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CHAPTER 5 

INSTALLATION, CALIBRATION, AND PERFORMANCE 

5-1 P r e l i m i n a r y work 

5.1-.1 The s i t e 

The present i n v e s t i g a t i o n was c a r r i e d out a t the Durham. U n i v e r s i t y 

Observatory s i t e . The Observatory i s s i t u a t e d on a s l i g h t h i l l 880 m 

t o the south-west c f Durham Cathedra l and south of the River Wear. 

I t s exact l o c a t i o n i s g iven by 

L a t i t u d e k6' k" N 

Longi tude 1° 35' k" W 

A l t i t u d e 120 m. above, mean sea l e v e l . 

F i g s . 5*1 a n& 5«2 show the immediate surroundings . For the most p a r t 

i t i s surrounded by a g r i c u l t u r a l l a n d . 'There a re roads running close 

t o the Observatory. For example, the road A69O i s about 200 m t o 

the sou th , the London t o Edinburgh r a i l w a y l i n e i s about 1 km t o 

the n o r t h , and j> km west i s t h e main London t o Edinburgh t r u n k road. 

A l though the Observatory i s away f r o m sources of i n d u s t r i a l p o l l u t i o n 

we cannot say p r e c i s e l y t o what ex ten t v e h i c l e exhausts p o l l u t e the 

s i t e . However, the main advantage o f work ing near an Observatory i s 

t h a t a wea l th of i n f o r m a t i o n about the m e t e o r o l o g i c a l cond i t i ons can 

be ob ta ined f r o m the records . Atmospheric e l e c t r i c measurements were 



FIGURES 5.1 and 5.2 Observatory surroundings 
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made i n the f i e l d about 50 m "bo the west o f the Observatory b u i l d i n g . 

The grass i n the immediate area was cu t r e g u l a r l y and kep t below 

about 5 cm. 

5.1.2 The p i t 

Since measurements were taken i n the f i e l d some of the ins t ruments 

had t o be i n s t a l l e d i n the f i e l d i t s e l f . The au thor used the conduc­

t i v i t y p i t descr ibed by H i g a z i (1965) f o r housing the space charge 

c o l l e c t o r , i o n counter , s u c t i o n f a n , gas meters , V . R o E o head u n i t s e t c . 

The p i t l i e s i n the f i e l d about 50 m t o the west o f the Observatory 

b u i l d i n g ; i t measures 2.J m x l . f m x 1.3 m and the four ' w a l l s had been 

b r i c k l i n e d and p l a s t e r e d w i t h cement. The p i t may be covered w i t h two 

'wooden-hinged' c e l l a r type doors. Two c i r c u l a r ho l e s , each about 6 m 

d iameter , on one o f the doors a d m i t t e d two cardboard tubes f o r space 

charge and i o n counter i n t a k e s . Cables t o the p i t were passed th rough 

a .10 cm diameter L-shaped g lazed p i p e ; the l a t t e r was b u r i e d i n the 

ground so tha t one end of the p ipe la,y i n s ide the p i t w h i l e the o t h e r 

remained c lose t o the p i t bu t i n the plane of the E a r t h ' s su r face . 

Usua l ly the p i t was-kept covered by i t s doors ; when not i n use f o r 

l o n g pe r iods i t 'was covered w i t h a l a r g e waterproof t a r p a u l i n sheet as 

w e l l . However, the p i t i s no t complete ly water t i g h t ; i t c o l l e c t s 

about 10 cm o f water i n a month. From t ime t o t ime the au thor used 

a bucket t o empty out t h e water . Since the p i t was n o t water t i g h t , 

more expensive ins t ruments l i k e V .R .E . head u n i t s were housed i n a 
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wooden box kep t i n s i d e the p i t . The box, the i n s i d e of -which was 

kept warm by three 75 W e l e c t r i c b u l b s , was arranged t o be about 20 cm 

f r o m the bot tom of the p i t . 

5.1.3 I n s t a l l a t i o n o f equipment 

The 2kO V a .c . poner t o the f i e l d was obta ined f r o m a 2 kVA 

i s o l a t i o n t r ans fo rmer f o r s a f e t y purposes. F i g . shows the l a y o u t 

o f the system i n the p i t . The i o n counter was mounted on a v e r t i c a l 

'handy-angle ' f r a m e ; the l a t t e r was concreted t o the cen t re of the 

p i t . The space charge c o l l e c t o r stands on a s t o o l . The whole 

arrangement was such t h a t o n l y t h e cardboard tubes through which a i r 

was drawn i n c o u l d be seen f r o m ou t s ide when the p i t was closed, by 

i t s doors. The s u c t i o n f a n and the gas meter were a l l kep t i n s ide 

the p i t . 

The f i e l d m i l l (see F i g . 5° *0 was mounted, on a 'handy-angle ' 

f r ame , about k m due- south o f the p i t , and was set i n the plane of 

the E a r t h ' s su r f ace . When n o t i n use the f i e l d m i l l was moved, 

indoors . A l l a i r - e a r t h c u r r e n t measuring antennas were f i x e d on 

po lys ty rene i n s u l a t o r s . The p l a t e antennas are shown i n F i g s . 5°5 

and 5°6; one was set f l u s h w i t h the E a r t h ' s surface and the o t h e r 

was a t 50 cm above t h e ground. The anemometer was supported on a 

'handy-angle ' f r a m e , about 50 cm above the ground and 2 m due west 

of t h e p i t . The i n t e n t i o n was t o see whether the re were any s i g n i f i c a n t 



FIGURE 5.3 Ins t ruments i n s ide the p i t 
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FIGURE 5,k F i e l d m i l l - i n use 
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FIGURE 5.5 Plate antenna i n the plane of the Earth 's surface 
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FIGURE 5.6 Plate antenna at 50 cm above the ground 
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changes i n the a i r - e a r t h current and space chargefdensity wi th changes 

in wind speed. The anemometer was taken indoors overnight to prevent 

any damage caused by r a i n or heavy wind. 

The ind ica t ing Instruments, the pen recorder, power supply uni ts 

and a l l other instruments that d id not need t o be i n s t a l l e d i n the 

f i e l d were kept inside the Atmospheric Physics Laboratory of the 

Observatory buildingo F ig . 5*7 shows the instruments inside the lab­

oratory. The connexion t o the instruments down i n the f i e l d were 

made by appropriate cables. 

5.2 Ca l ibra t ion 

5.2.1 The f i e l d m i l l 

A piece of aluminium sheet w i t h a hole large enough to take the 

f i e l d m i l l blades was placed ho r i zon t a l l y so that i t was i n the same 

plane as the ro to r . A second sheet of aluminium was f i x e d p a r a l l e l 

t o the f i r s t sheet but insulated from i t . Known voltages were 

applied between the two plates and the output reading of the f i e l d 

m i l l was taken. The c a l i b r a t i o n curves are shown i n Figs. 5-8 and 

5.9« The f i e l d m i l l had two ranges A and B. The range A was from 

0 to 1700 Vm""1" and the other was from 0 to 350 Vm" \ The two ranges 

could be selected eas i ly by adjus t ing the potentiometer PR (F ig .4 .7 ) j 

a knob wi th a pointer was attached to the spindle of PR and the 

pos i t ions of the pointer corresponding to the two ranges were marked 
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FIGURE 5*7 Instruments inside the laboratory 
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f o r ease of adjustment. I t is c lear f rom the c a l i b r a t i o n curve 

that the diodes i n the f i e l d m i l l a m p l i f i e r become saturated a t the 

upper end of the range. The small curvature near the o r i g i n is due 

to the inherent n o n - l i n e a r l i t y of the diodes. 

5« 2. 2 The v i b r a t i n g reed electrometers 

The current output of each V. R.E. was connected i n series wi th 

the pen recorder and an Avometer on i t s 0-1 mA range. Known 

standard voltages were applied to the ca l i b r a t i on socket on the 

V.R.E. indicator panel and the output was noted. The c a l i b r a t i o n 

curves are shown i n Figs. 5.10, 5«H a n a 5*12. 

5» 2.3 The anemometer 

The c a l i b r a t i o n curve supplied by the Meteorological Of f i ce 

gives the wind speed as a f unc t i on of the number of contacts per 

minute. For continuous" wind speed measurements the anemometer was 

used along wi th the Diode pump c i r c u i t mentioned i n Chapter k. 

The performance was tested i n the low-speed wind tunnel of the 

Engineering Science Department, and the c a l i b r a t i o n curve i s 

given i n F ig . 5«13« 

5.2.4 Space charge and ion counter checks 

The sign of the measured space charge and the ion density were 
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checked wi th the ion generator mentioned i n Chapter k. This was 

done every now and then to make sure that the indicated sign was 

correct . 

5*3 Summary 

5.3«1 The complete apparatus 

Vib ra t ing reed electrometers measured the currents to the 

antennas. Two V.R.Es. were avai lable during the f i r s t two years 

of the work so two a i r - e a r t h current antennas were used a t one 

time. The output of each V. R.E. was displayed on a s t r ip -char t 

pen recorder. The technique used tc eliminate displacement currents 

was that of Kasemir (1955)* Five d i f f e r e n t time constants, namely 

it-7, 100, 200, kfO, and 100U3 were t r i e d and f i n a l l y the author 

prefer red t o use a value 1 U / S . The two pens which recorded the 

antenna currents were made centre-zero and shunted to give a f u l l 

scale d e f l e c t i o n of ± 0.5 mA. 

The f i e l d m i l l mounted i n the plane of the Earth 's surface 

measured the po t en t i a l gradient. Posi t ive and negative po ten t i a l 

gradients were dist inguished by the ' o f f - s e t zero' method. 

The space charge co l l ec to r was f i r s t used i n conjunction wi th 

a Rank d. c. a m p l i f i e r . I t became clear a f t e r some time that such 

an a m p l i f i e r was not good enough f o r these space charge measure­

ments, and l a t e r on the Rank a m p l i f i e r was replaced by a V.R.E. 
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when one became avai lable . The ion counter too was used w i t h a 

v i b r a t i n g reed electrometer. Since only a four-pen recorder was 

avai lable , f ou r variables were recorded at one time and other 

observations were noted manually. 

5.3.2 Performance 

Insulators of the a i r - ea r th current antennas had to be cleaned 

p r a c t i c a l l y every day before any measurements were taken. This 

was mainly due to moisture condensing on the insulators . 

There were occasional breakdowns of the V.R.Es., caused by 

f a u l t y valves. These were frequent i n the early par t of the work 

but l a t e r on most of the troubles disappeared and the instruments 

behaved s a t i s f a c t o r i l y . The V.R.Es. were kept switched on 

continuously except f o r about three t o four months i n winter when 

no measurements were made. The continuous operation improved the 

s t a b i l i t y of the instruments. 

Although breakdown of the space charge co l l ec to r was not 

frequent the insulators inside had to be cleaned at least once 

every s ix months f o r sa t i s fac tory operation. The insulators were 

located behind the main f i l t e r and the breakdown was due to f i n e 

grain dust or d i r t s e t t l i n g on them. The ion counter insu la t ion 

had t o be cleaned a t least once a month. The breakdown of the 

ion counter was mainly because i t s insulators inside were d i r e c t l y 
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exposed t o the a i r sucked. through. 

The f i e l d m i l l gave no trouble except f o r one occasion when 

the motor broke down; the m i l l was used only i n f i n e weather 

conditions and t h i s was presumably the reason why breakdowns were 

rare. 
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CHAPTER 6 

FIELD MEASUREMENT RESULTS 

601 In t roduct ion 

The f i r s t h a l f of the academic year 1966-67 was concerned wi th 

the measurement of the two components of the conduction current by 

the so-called d i r ec t method. When i t became clear tha t t h i s was 

probably not possible, i t was decided to investigate more f u l l y the 

di f ference between the d i r e c t and ind i rec t methods of measuring 

conduction current . The studies of conduction and convection currents 

began i n September 1967« The experiments were aimed at a be t te r under­

standing of such currents and possibly tha t due to advection. I n 

the ear ly stages measurements were made on every possible occasion 

irrespect ive of weather conditions. Later the work was concentrated 

on f i n e weather because there would not be time to include other 

weather conditions. 

The periods of recording, var ied from about two to f i v e or s ix 

hours and not more than 10 hours depending on the state of the 

weather. Hie readings -were taken a t quarter-hour in te rva l s d i r e c t l y 

f rom the charts , subtracted from the automatically determined zero 

and then m u l t i p l i e d by the appropriate constants before f i n d i n g 

t h e i r mean values. 



69 

6.2 Measurements 

6.2.1 Experimental procedure I 

One set of observations included the simultaneous measurement 

of po ten t i a l gradient, space charge density at 50 cm above the ground 

and the current t o the p la te and the wirje antennas. Examples of the 

resul ts are shown graphical ly i n Figs. 6.1 to 6.3. I t is seen from 

Figs. 6.1 and 6.2 that the Current t o the pla te antenna fo l lows 

closely that t o the wire antenna; the p la te antenna current appears 

t o be larger than the wire antenna current. There i s a marked 

di f ference between the antenna current traces i n F ig . 6«3« The 

average values of measured variables are given i n Table 6.1. 

A f t e r r e a l i z i n g that a i r movements play a large ro l e i n the 

movement of ions i n the lower atmosphere the author decided to 

study the extent to which wind and p o t e n t i a l gradient a f f e c t the 

movement of ions. The obvious answer was to sh ie ld an antenna 

from the po ten t i a l gradient, measure the current and compare i t 

w i th that of another s imi l a r antenna but exposed to the po ten t i a l 

gradientt The 'shielded antenna 1 , although i t is t o be e f f e c t i v e l y 

screened from the p o t e n t i a l gradient, should be w e l l exposed t o 

the atmosphere. This may be be t t e r rea l ized i n a p a v i l i o n or i n 

a garage wi th a l l of i t s sides open f o r continuous a i r c i r c u l a t i o n . 

Since the construction of such a th ing i s expensive the author 

resorted t o the procedure given below. 
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TO 

Date 

1968. 

Average 
current 
to the 
wire 

antenna 

Average 
current 
t o the 
plate 

antenna 

Mean 
space 
charge 

density 
at 15 cm 

Mean 
po t en t i a l 
gradient 

Comments 

Ik May 6.9TpA 1.0.7pA -17.6pCm~ 3 l.ilOViif 1 f i n e day 

I T May - 1.10 - O.5I. - 9.8 202 f i n e 

21 May 2.63 3.80 -11.6 180 cloudy d u l l 

27 May l|-.28 - 2.71 -16.7 155 cloudy 

30 May 5-55 6.90 -25.9 192 f i n e and sunny 

31 May 5.21 6.65 -2U.6 15^ f i n e and sunny 

6 June 5.81 9.32 -16.8 100 f i n e and sunny 

7 June 6. 20 8.31 -15- h 112 cloudy morning 
sunny in tervals 

l a t e r 

TABIE 6.1 Average values of measured var iables . 
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Using chicken wire ne t t ing of mesh size 2.5 cm a cubical cage 

was made to screen the pla te antenna, described from now on as the 

'shielded antenna 1. The cubical framework, made from 2.5 cm x 2.5 cm 

wooden s t r i p s , had ove ra l l dimensions 2 m x 2 m x l . 5 n i . 

The current to the shielded antenna and also that to a s imi la r 

antenna but unshielded 'open antenna' were measured. The resu l t s 

are given i n Table 6.2. When the wind speed was measured wi-th an 

anemometer inside and outside the cage i t became clear tha t a i r 

movement was appreciably r e s t r i c t e d by the wire mesh. I n .spite of 

t h i s i t was s t i l l obvious that the a i r movement was la rge ly 

responsible f o r the currents measured. 

The author also studied how the space charge movements a f f e c t 

two wire antennas separated hor i zon ta l ly by 20 m. The space charge 

density and the wind speed were also measured i n s i t u . The resu l t s 

were examined t o f i n d whether changes i n the antenna currents i n a 

given time could be explained i n terms of changes i n the l o c a l 

space charge density. However, the space charge density changes 

were found to be too .small. 

6.2.2 General conclusions 

The f o l l o w i n g points were noted during the course of the above 

inves t iga t ion . 

(a) I n general the current to the wire antenna was observed t o be 
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Date 

1968 

Mean 
po t en t i a l 
gradient 

Average 
current 
t o the 
open 
antenna 

h 

Ave rage 
current 
t o the 

shielded 
antenna 

\ 

y i 2 

Space 
charge 

density 
at 50 c m 

Comments 

30 July 120 VnT 1 

l.83pA 0. 4-6pA 4,0 -31.8pCnf 3 Cloudy d u l l 
morning, 
f i n e a f t e r ­

noon. 

31 July 143 1.4-7 0.06 26.0 -27.9 Fine day 
sunny 

1 Aug. 80 0.61 0.55 1.1 -28.0 Cold, d u l l 
morning, 
sunny in te rv ­
a ls l a t e r . 

2 Aug. 102 4.49 0.37 12.2 -26.9 Fine day 

3 Aug. 100 1.57 0 . l4 11.1 -27.9 cloudy morn­
ing , clear 
and f i n e 
l a t e r 

5 Aug. 170 1.08 0.15 7.1 -26.2 d u l l morning 
clear l a t e r 

6 Aug. 115 1.38 0 . l4 10.1 -11.2 d u l l morning 
sunny a f t e r ­
noon. 

7 Aug. l48 O.58 0.48 1.2 - I5 .6 f i n e clear day 
8 Aug. 90 1. 21 0. 46 2.6 -24.1 f i n e sunny day 

9 Aug. 168 1.66 0.24 6.9 - I 9 . I f i n e day 

TABLE 6.2 Average values of measured var iables . 
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smaller than tha t to the pla te antenna. Since the conduction cross-

section of the former was arranged t o be about s ix times tha t of 

the l a t t e r , measurements suggest tha t the greater the surface area, 

the greater is the space charge brought in to i t by non-e lec t r ica l 

means. 

(b) Both the wire and the pla te current traces were s imi lar i n 

appearance. A po r t i on of the current traces is shown i n F ig . 6. k. 

I t was evident therefore that the two antennas responded to the 

same var iab le . Assuming tha t the amount of advection charge picked 

up by an antenna depends on i t s surface area then the observation 

(b) indicates tha t the advection current was large compared t o both 

conduction and convection currents. 

(c) Negative space charge was observed both a t 50 a *id 15 cm above 

the ground. Sometimes there were space charge pulses showing no 

d i rec t r e l a t i o n to the current measured. 

(d) The p o t e n t i a l gradient F was pos i t ive most of the time and the 

trace of F against time showed cusp-like va r i a t ions . 

(e) The current traces f o r the two wire antennas were s imi lar i n 

appearance. Notable differences were observed i n turbulent weather 

conditions. 

( f ) The current t o the shielded antenna was always small compared 

wi th tha t of the open antenna. The var ia t ions were w e l l marked i n 

the trace of the open antenna current; t h i s was not so i n the trace 
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of the shielded antenna. I t may be tha t the wire ne t t i ng not only 

shields the p o t e n t i a l gradient but also r e s t r i c t s the movement of 

a i r around the antenna. The wire ne t t ing reduced the po t en t i a l 

gradient by a f a c t o r of 10. The reduction i n the current may be 

due e i the r to a reduction i n the po t en t i a l gradient or to a 

r e s t r i c t i o n of the a i r movements inside the wire-net t ing cage. 

(g) The space charge pulses. 

The most noticeable e f f e c t was tha t the space charge pulses 

occurred i n pa i rs . The shape and the size of the pulses were 

s imi la r tc those observed by Ogden (196")j that i s , they were 

characterized by a very sharp leading edge fol lowed by a slower 
-3 -3 

decay. Usually -the peaks were between 10 pC m ' and 20 pC m . 

The pulses may be separated in to pai rs , one more negative and the 

other less negative. The two pulses belonging to one pa i r were of 

roughly the same magnitude. Two pa i r s of these space charge pulses 

are shown i n F ig . 6.5. One pa i r was separated from the other p c i r 

by a time i n t e r v a l of about 30 min. The time separation between 

the i nd iv idua l pulses i n one pa i r was of the order of 10 min. The 

author has noted that these double pulses occur whether the day i s 

sunny, d u l l , calm or windy. 

6.3 Further measurements 

6.3«1 Experimental procedure I I 

That the space charge density observed i n the Observa/bory 
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• f i e l d a t 15 a r id 50 cm above t h e g r o u n d was n e g a t i v e needed f u r t h e r 

c o n f i r m a t i o n . I n case t h e r e was a n y t h i n g w r o n g w i t h t h e i n s t r u m e n t s 

u s e d , t h e system, was c h e c k e d d a y a f t e r day b u t no f a u l t s c o u l d be 

l o c a t e d i n t h e a p p a r a t u s . The s i g n o f t h e space charge d e n s i t y 

was c h e c k e d u s i n g t h e r a d i o a c t i v e i o n g e n e r a t o r m e n t i o n e d i n C h a p t e r 

k» The p e r s i s t e n c e o f a n e g a t i v e space cha rge d e n s i t y n e a r the. 

g r o u n d was t h e n t h o u g h t t o be due t o sane r a d i o a c t i v e t r a c e s i n t h e 

immed ia t e n e i g h b o u r h o o d . Uo such t r a c e s were f o u n d w i t h a r a d i o ­

a c t i v e s o u r c e d e t e c t o r . 

The a u t h o r t h e n f e l t t h e n e c e s s i t y f o r m e a s u r i n g t h e space 

charge d e n s i t y w i t h a d i f f e r e n t s e t o f i n s t r u m e n t s . A. new V . R . E . 

was a v a i l a b l e b y t h i s t i m e a n d used a l o n g w i t h t h e space c h a r g e 

d e t e c t o r u s e d b y Ogden (1967). Measurements were made a t 15, 50, 

a n d 75 cm above t h e g r o u n d . F o r space cha rge d e n s i t y measurements 

a t 75 cm t h e c o l l e c t o r was h o u s e d i n a wooden b o x a n d was a r r a n g e d 

s o . t h a t t h e a i r i n t a k e f a c e d away f r o m the n e i g h b o u r i n g r o a d . I f 

v e h i c l e e x h a u s t s were r e s p o n s i b l e f o r t h e c h a r a c t e r i s t i c , space 

cha rge p u l s e s m e n t i o n e d e a r l i e r t h e n t h e above a r r a n g e m e n t w o u l d 

b e l e s s r e s p o n s i v e t o t r a f f i c space c h a r g e p u l s e s t h a n t o n a t u r a l 

p u l s e s o c c u r r i n g i n t h e ataios;phere. 

I o n c o u n t i n g was a l s o done- w i t h a v i e w t o e s t a b l i s h . t h e 

s i g n o f t h e n e t space c h a r g e d e n s i t y . O n l y one i o n c o u n t e r was u s e d 



76 

arid, i o n s o f one s i g n o n l y were measured o n a n y p a r t i c u l a r day . The 

measurement o f p o t e n t i a l g r a d i e n t , c u r r e n t s t o t h e w i r e and tSb.e 

p l a t e a n t e n n a s were a l s o made a s b e f o r e . l!he r e s u l t s a r e g i v e n i l l 

T a b l e 6.3 a r id i t i s seen t h a t t h e a v e r a g e number d e n s i t y o f n e g a t i v e 

i o n s i s g r e a t e r t h a n t h e a v e r a g e number d e n s i t y o f p o s i t i v e i o n s . 

The r o t a t i n g - c u p anemometers axe s u i t a b l e f ee 1 ave r age w i n d 

speed measu remen t s ; t h e y do n o t i n d i c a t e t h e e x a c t amount o f 

t u r b u l e n c e p r e s e n t . A l t h o u g h a t u r b u l e n c e i n t e g r a t o r s i m i l a r t o 

t h a t d e s c r i b e d b y Hews on (19^5) v r a s c o n s t r u c t e d i t s p e r f o r m a n c e 

d i d n o t p r o v e s a t i s f a c t o r y f o r such s t u d i e s . A t t e m p t s t o b o r r o w a 

h o t w i r e anemometer were n o t s u c c e s s f u l a n d t h e w i n d speed measu re ­

ments were u s e d o n l y q u a l i t a t i v e l y . 

6.3« 2 G e n e r a l c o n c l u s i o n s 

( a ) N e g a t i v e space c h a r g e was o b s e r v e d a t 15 a n d pO cm above i t h e 

g r o u n d . A t 75 0 1 1 1 "the space c h a r g e d e n s i t y measu red was p o s i t i v e . 

( b ) H i e space cha rge p u l s e s o b s e r v e d a t 75 <3& were n o t o f t h e 

c h a r a c t e r i s t i c d o u b l e p u l s e s o b s e r v e d a t 15 a n d 50 da above t h e 

g r o u n d . These s i n g l e p u l s e s were s i m i l a r t o t h a t o b s e r v e d by Ogden 

(1967). 

( c ) I o n d e n s i t y measurements a t 15 cm above t h e g r o u n d c o n f i r m e d 

t h e measured n e g a t i v e space c h a r g e d e n s i t y . 
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Date 

1969 

A v e r a g e 
P o t e n t i a l 
g r a d i e n t 

Ave rage 
r a i s e d 
p l a t e 
an t enna 
c u r r e n t 

P o s i t i v e 
i o n 

dens i t y 
a t 15 cm 
( p e r cm ) 

N e g a t i v e 
i o n 

d e n s i t y 
a t 15 cm 
( p e r c m 3 ) 

Comments 

16 A p r i l 189 V m " 1 7.1 pA 1570 F i n e , n i c e day 

23 A p r i l 202 6.2 890 d u l l , m i s t y day 

2k A p r i l 232 7.2 „ 1350 c o l d , d u l l 

25 A p r i l 168 6.0 580 ~ sunny , f i n e , d a y 

.15 May 2k0 5-* 260 f i n e day 

21 May I63 i f . 8 390 - f i n e , n i e e sunny 
day 

22 May 2it-3 9.6 510 - f i n e , sunny day 

23 May I p O 6.7 - f i n e day 

27 May 15l* 5.2 - 720 f i n e day 

30 May 102 7.9 - 1070 f i n e d a y , d u l l 

I A B I E 6.3 A v e r a g e v a l u e s o f measured v a r i a b l e s . 
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( d ) R e s u l t s o f a n t e n n a c u r r e n t n ieasurements were s i m i l a r t o 

p r e v i o u s ob se r v a t i o n s . 

6 .k E l e c t r i c c o n d u c t i o n n e a r t h e s u r f a c e o f t h e E a r t h 

The e x p e r i m e n t a l r e s u l t s shew a c o n c e n t r a t i o n o f n e g a t i v e space 

charge a t 15 a n d 50 cm above t h e s u r f a c e . T h i s may b e e x p l a i n e d by-

a s suming a s o - c a l l e d b o u n d a r y l a y e r c l o s e t o t h e E a r t h ' s s u r f a c e * 

I n t h i s r e g i o n t h e r e w i l l be no m a c r o s c o p i c m o t i o n and t h e i o n s w i l l 

move u n d e r e l e c t r i c f o r c e s o n l y . The b o u n d a r y l a y e r m e n t i o n e d above 

may be b e t t e r c a l l e d an ' e l e c t r i c 'boundary l a y e r ' s i n c e i t may n o t 

be t h e same a s t h a t f o u n d i n f l u i d d y n a m i c s . The r a d i o a c t i v i t y o f 

t h e s o i l p r o d u c e s e q u a l numbers of' p o s i t i v e a n d n e g a t i v e i o n s » I n 

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 s t h e p o s i t i v e i o n s w i l l r e m a i n m o v i n g 

downwards w i t h i n t h e b o u n d a r y l a y e r o f t h i c k n e s s b whereas t h e 

n e g a t i v e i o n s w i l l escape f r o m i t . C o n s e q u e n t l y f o r d i s t a n c e s 

g r e a t e r t h a n b f r o m t h e s u r f a c e t h e r e w i l l be a n e g a t i v e space chargs 

due t o t h e s e i o n s p r o d u c e d n e a r t h e s u r f a c e . A n a p p r o x i m a t e v a l u e 

f o r t h e t h i c k n e s s b o f t h e b o u n d a r y l a y e r i s c a l c u l a t e d b e l o w . T h e 

f o l l o w i n g a s s u m p t i o n s a r e made. 

( a ) W i t h i n the b o u n d a r y l a y e r t h e r e w i l l be n o m o t i o n o f i o n s exo.ep 

u n d e r e l e c t r i c f o r c e s . H e r e p o s i t i v e i o n s w i l l p r e d o m i n a t e i n 

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 . 
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( b ) F o r d i s t a n c e s g r e a t e r t h a n b f r o m 'the s u r f a c e i o n s w i l l be 

moved m a i n l y b y a i r c u r r e n t s . I n t h i s r e g i o n m i x i n g w i l l be h i g h 

and i t may nob be p o s s i b l e t o d i s t i n g u i s h b e t w e e n an i o n a n d a 

n e u t r a l p a r t i c l e . 

( c ) I o n s o f e i t h e r s i g n may e n t e r t h e b o u n d a r y l a y e r . More p o s i t i v e 

i o n s e n t e r i n g t h e r e g i o n 0 < z < b w i l l g i v e r i s e t o a. p o s i t i v e 

c u r r e n t . On t h e o t h e r h a n d , i f more n e g a t i v e i o n s e n t e r t h e r e g i o n 

0 < z < b t h e n e t c u r r e n t t o t h e s u r f a c e w i l l be n e g a t i v e -

I t i s p o s s i b l e t h a t t u r b u l e n c e w i l l r e d u c e -the c o n d u c t i o n c u r r e n t , 

so t h a t i n e f f e c t a l l o f t h e n a n d n i o n s w i l l n o t t a k e p a r t . To 

a l l o w f o r t h i s we i n t r o d u c e a f a c t o r P w h i c h canno t exceed u n i t y . 

Then t h e c u r r e n t I t o t h e s u r f a c e i s g i v e n b y 

I = PA ( r ^ - n _ ) eo>F „ . . ( 6 . l ) 

where A = a r e a o f t h e s u r f a c e 

n , — number o f p o s i t i v e i o n s p e r u n i t vo lume w i t h i n 

t h e r e g i o n 0 < z < b 

n = number o f n e g a t i v e i o n s p e r u n i t v o l u m e w i t h i n 

t h e r e g i o n 0 < z < b 

e = e l e c t r o n i c c h a r g e 

(D = m o b i l i t y of t h e i o n s , assumed t o be t h e same 

f o r b o t h p o s i t i v e a n d n e g a t i v e 

a n d F = p o t e n t i a l g r a d i e n t . 
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E q . ( 6 . l ) may be w r i t t e n a s 

I - a n e f f l P (6.2) 

Here n = ( n - u ) . U e x t c o n s i d e r t h e r e g i o n b e t w e e n z and z + 8 z 
+ — 

where z l i e s b e t w e e n 0 a n d b . See F i g . 6.6. C o n s i d e r i n g a v o l u m e 

e l e m e n t A5z a n d app . ly i .ng Gauss ' t h e o r e m we have 

n e A 5z = - J - ( - 6 FA) dz (6.3) 
dz o ' \ si 

I n (6.3) €

Q i s t r i e e l e c t r i c space c o n s t a n t . F rom (6.2) a n d (6.3) 

we have 

J L « . € A ^ £ 
RDF o dz 

i . e . T 
„ ~ r dz «o - FdF R0€ A 

O 

I n t e g r a t i n g b e t w e e n t h e l i m i t s z = 0 and z «= b , we o b t a i n 

- S £ _ _ . F 2 2 
Rue A b o 

o 

i . e . 

P 2 = F 2 - - 2 5 - ( 6 . i 0 
o 

where F ^ i s t h e p o t e n t i a l g r a d i e n t a t z « b a n d F q i s t h a t c o r r e s ­

p o n d i n g t o z = 0. N e x t , f o r d i s t a n c e s g r e a t e r t h a n b , t h e a p p l i c a ­

t i o n o f Gauss ' t h e o r e m g i v e s 

- F Z + F . B = £ ~ ( z - b ) (6.5) 
o 

http://app.lyi.ng


A Z axis 

Z =b -

Z *SZ. 
Z 

Z = 0 
77777777777777777777777777777 

F I G . 6 . 6 T H E A S S U M E D E L E C T R I C A L 

B O U N D A R Y L A Y E R . 



Here i s t h e p o t e n t i a l g r a d i e n t i t H .\i.\er.j iv, > b a n d p :lo t h u upiA-.t.: 

charge d e n s i t y i n t h e r e g i o n c o n s i d e r e d . 

From (60 i t ) a n d (6.5) we have 

F = ± J F 2 - ^ - <z - b ) . . . ( 6 . 6 ) 
v 0 0 

C l e a r l y t h e n e g a t i v e s i g n i n f r o n t o f t h e r a d i c a l i j i g n i s i n a d m i u i j l b l i 

E q . ( 6 . b ) may " t h e r e f o r e b e - w r i t t e n as 

" ° \ Bae A.F 2 ' 6 o 
o a 

(z. - b ) . . ( 6 . 6 a ) 

W i t h usual, v a l u e s o f p a r a m e t e r s i n f i n e •weather (2Ib/Hne oAJ? ) 

T i i e r e f o r e e x p a n d i n g t h e f i r s t t e r m on the r i g h t h a n d u i d e o f (6.6a) 

b y B i n o m i a l theoiv-m. a n d n e g l e c t j a g t h e h i g h e r p o w e r s we have 

F S F „ - P . ( * * ) . . . . . . ( 6 . 7 ) 
" Kue A F o 

o o 

The o b s e z v e d v a l u e s o f p o t e n t i a l g r a d i e n t , space c h a r g e s.ijii. a i r -

e a r t h c u r r e n t d e n s i t i e s were u sed t o co'/rpuLe v a l u e r f o r 1', b , -•nd. 

F • T.he p r o c e d u r e a d o p t e d was the: f o l l o w i n g . Ilia.: ; p o t « n t . i a . l 

g r a d i e n t m e a s u r e d u s i n g a f i e l d m i l l i n vhn plan.-..- o f t h e J - k r t i ' i ' u 

s u r f a c e was t a k e n t o be F ; z was mad?! 10 err. since* t h e f i t - I d c u l l 
z 

d i d n o t l i e e x a c t l y a t z = 0 . 

F c - s r s ? - - r - (* - »> - »• 

0 0 o 

a n d F - F 1 == 6 



F o r a g i v e n v a l u e erf F , p a n d l / A , i t . assumed t h a t }•' , P a n d :J 

h a d one o f t h e v a l u e s g i v e n b y 

F q - ( F ? - 1), ( P Z - 0.9), F , ( F •!- 0.1), 

„ ...... (F !- 1) 

P a 0, 0.1, 0.2 - ^ 0.9, 1 

b «s» I , 2, 3 • - ~ 9f 10 C?D 

a i d t h e d i f f e r e n c e 6 was c a l c u l a t e d t o an a c c u r a c y o f .1 p a r i , in .1000, 
» 

f o r each o f t h e d i f f e r e n t p e r m u t a t i o n s o f F , P a n d b . F o r on.-; i « t 

o f F , p a n d I t h e r e were 2j510 p e r m u t a t i o n s . 'Hie v a l u e s t h a t gavf i 
Zi 

t h e s m a l l e s t d i f f e r e n c e were s e l e c t e d a s s a t i s f y i n g E q u a t i o n ( 6 . ? ) . 
These a r e g i v e n i n T a b l e s 6 . 4 ( a ) a n d ( b ) . Here l / A was t a k e n as t h e 

- i j . 

a i r - e a r t h c u r r e n t d e n s i t y i a n d <n was as&umed t o have a v a l m i 3 0 

ins p e r Vm \ An, fixamination o f T a b l e s 6 . 4 ( a ) a n d (r») sugges t s 

t h a t t h e assumed e l e c t r i c a l b o u n d a r y l a y e r may n o t be more t h a i a 

f e w cm t h i c k . M o r e o v e r t h e computed, i n s u l t s i n d i c a t e t h a t b va.'.'l^s 

v i . t h Ui<- p o t e n t i a l g r a d i e n t a n d o t h e r a t m o s p h e r i c e l e c t r i c o l rt<>.f trii.s*. 

I t joay be o f i n t e r e s t t o compare t h e v a l u e s o f b w i t h the; r o u g h n e s s 

p a r a m e t e r z f o r a i r f l o w o v e r t h e E a r t h g i v e n on page lk. 
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6.5 D i s c u s s i o n 

I f t h e f o r c e s a c t i n g on t h e i o n s a r e p u r e l y e l e c t r i c a l i n n a t u r e 

t h e n i n a 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 p o s i t i v e i o n s move downwards 

t o w a r d s t h e E a r t h ' s s u r f a c e a n d t h e n e g a t i v e i o n s away f r o m i t . The 

d r i f t v e l o c i t y v o f an i o n i n a p o t e n t i a l g r a d i e n t F i s g i v e n b y 

v <= a)F (6 .8 ) 

where a) i s t h e p o l a r i o n i c m o b i l i t y , t h e m o b i l i t y and t h e r e f o r e v 

t h e d r i f t v e l o c i t y depend on f a c t o r s such as p r e s s u r e , t e m p e r a t u r e 

a n d h u m i d i t y . I n a p o t e n t i a l g r a d i e n t o f 100 Vm 1 a s m a l l i o n 

w i l l move w i t h a v e l o c i t y o f a b o u t 1 cm s ^ ; t h e l a r g e r t h e i o n , 

t h e s m a l l e r i s t h e d r i f t v e l o c i t y . 

I n t h e a t m o s p h e r e a i r i s s w i r l i n g a n d t w i s t i n g e v e r y w h e r e . Under 

modera te p o t e n t i a l g r a d i e n t s d r i f t v e l o c i t i e s a r e so s m a l l t h a t t h e 

i o n s may be d i s p l a c e d l a r g e l y b y a i r c u r - r e n t s . Over p o l l u t e d r e g i o n s 

t h e a i r i s h i g h l y c o n t a m i n a t e d w i t h n u c l e i a n d t h e r e f o r e l a r g e i o n s 

w i l l c e r t a i n l y be f o u n d i n l a r g e numbers . When i o n s a r e l a r g e , t h e i r 

component o f m o t i o n due t o the p o t e n t i a l g r a d i e n t becomes n e g l i g i b l y 

s m a l l . T h i s i s p e r h a p s why t h e measurements t a k e n i n p o l l u t e d 

r e g i o n s d i f f e r f r o m t h o s e t a k e n i n u n p o l l u t e d a r e a s . 

T a b l e 6.5 shows howd) v a r i e s w i t h a l t i t u d e . These v a l u e s a r e 

c a l c u l a t e d f r o m t h e f a c t t h a t 0 )p /T i s a c o n s t a n t , where p a n d T a r e 
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r e s p e c t i v e l y t h e p r e s s u r e a n d t e m p e r a t u r e . I f t h e s u b s c r i p t o r e f e r s 

t o t h e v a l u e i n t h e f i r s t f e w m e t r e s , t h e n 

C o n s i d e r a t i o n o f T a b l e 6.5 i n d i c a t e s t h a t i n l o w a l t i t u d e s i o n s a r e 

l e s s l i k e l y t o be c o n t r o l l e d b y tine p o t e n t i a l g r a d i e n t . S e v e r a l 

examples may be c i t e d t o j u s t i f y t h a t t h e i o n s i n t h e l o w e r a tmosphere 

move unde r t h e i n f l u e n c e o f a i r c u r r e n t s o n l y . F o r i n s t a n c e : 

( a ) Measurements o f Ben t a n d H u t c h i n s o n (1966) c o n f i r m t h e e x i s t e n c e 

o f space c h a r g e p a c k e t s ; t h e y f o u n d t h a t t h e p r e v a i l i n g space charge 

i s a f f e c t e d by f a c t o r s o t h e r t h a n t h e p o t e n t i a l g r a d i e n t . 

( b ) Groom (1966) d e t e c t e d n e g a t i v e c h a r g e s f r o m h i g h t e n s i o n power 

l i n e s , b l o w n i n d o w n - w i n d , on a day marked w i t h a w i n d speed l e s s t h a n 

1 ms \ 

( c ) W h i t l o c k a n d Chalmers (1955) u s ed t w o f i e l d m i l l s s e p a r a t e d b y 

a d i s t a n c e o f 100 m a n d f o u n d t h a t space cha rge p a c k e t s n o t o n l y 

move i n t h e d i r e c t i o n o f t h e w i n d but a l s o w i t h t h e speed o f t h e w i n d . 

( d ) The w i n d p l a y s an i m p o r t a n t r o l e i n t h e cu r - r en t t o a r a d i o a c t i v e 

c o l l e c t o r . 

( e ) The p o i n t d i s c h a r g e c u r r e n t depends p a r t i a l l y on the w i n d speed. 

I t i s w o r t h r emember ing t h a t when p o i n t d i s c h a r g e o c c u r s t h e d r i f t 

v e l o c i t i e s o f i o n s a r e a b o u t 100 t i m e s t h o s e i n f i n e w e a t h e r c o n d i t i o n s . 

I f t h e z a x i s i s t a k e n v e r t i c a l l y upwards t h e n t h e movements o f 

CO cm) 
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space cha rges i n t h e x a n d y d i r e c t i o n s may be r e g a r d e d a s a n a d v e c t i o n 

-3 
c u r r e n t . A space c h a r g e d e n s i t y o f 10 p Cm m o v i n g w i t h a v e l o c i t y o f 

-1 -2 

1 ms w i l l g i v e a c u r r e n t d e n s i t y as h i g h as 10 pAm . As f a r a s 

t h e t o t a l c h a r g e b a l a n c e o f t h e E a r t h i s c o n c e r n e d t h e space cha rge 

t r a n s f e r s i n t h e x and y d i r e c t i o n s do n o t m a t t e r j t h a t i s , t h e y do 

n o t b r i n g any a d d i t i o n a l cha rge when t h e w h o l e g l o b e i s c o n s i d e r e d . 

The a d v e c t i o n c u r r e n t s , h o w e v e r , do m a t t e r ^-jhen a i r - e a r t h c u r r e n t 

measurements a r e t a k e n a t one i s o l a t e d p l a c e . The u s u a l t e c h n i q u e f o r 

such measurements i s t o measure t h e c h a r g e f l o w i n g i n t o an i n s u l a t e d 
2 

a n t e n n a o f a r e a 1 m i n t h e p l a n e o f t h e E a r t h ' s s u r f a c e . The a n t e n n a 

measures a l l t h e c h a r g e t h a t i s b r o u g h t t o i t i n a g i v e n t i m e . The 

t u r b u l e n c e i n t h e l o w e r l a y e r s of t h e a t m o s p h e r e i s n o t i s o t r o p i c and 

a i r movements w i l l c e r t a i n l y b r i n g a d d i t i o n a l c h a r g e s on t o t h e a n t e n n a . 

The e x p e r i m e n t a l l y o b s e r v e d a i r - e a r t h c u r r e n t d e n s i t y i g X p c a n n o t 

t h e r e f o r e be a t t r i b u t e d o n l y t o a c o n d u c t i o n a n d a c o n v e c t i o n c u r r e n t . 

I t seems n e c e s s a r y t o i n c l u d e i n i a t e r m due t o t h e a d v e c t i v e 
exp 

t r a n s f e r o f c h a r g e s . I f t h e a i r - e a r t i : c u r r e n t d e n s i t y i i s g i v e n b y 

i a 7\F + K | | (6.10) 
t h e n i may be w r i t t e n a s 

exp 

^ x p = = ^ F + K 5 z + c o n s t a n t ( p v ) . . . (6.11) 

Here A i s t h e c o n d u c t i v i t y , K t h e eddy d i f f u s i v i t y a n d v t h e a v e r a g e 

a i r speed. 
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I t mus t be s t r e s s e d a t t h i s p o i n t t h a t t h e s o - c a l l e d a d v e c t i o n 

c u r r e n t i s p u r e l y a l o c a l e f f e c t a n d does n o t c o n t r i b u t e i n any v a y 

t o t h e c h a r g e b a l a n c e o f t h e E a r t h . I t s i m p o r t a n c e i s i n s m a l l 

s c a l e measurements . 
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CHAPTER 7 

A WIND TUNNEL EXPERIMENT DESIGNED TO SIMULATE 

ATMOSPHERIC ION MOVEMENTS 

7.1 General 

The au tho r r e a l i s e d t h a t more i n f o r m a t i o n about the movements of 

ions i n the atmosphere may be obta ined f r o m smal l scale laboratory-

models. The e s s e n t i a l requirements o f such an experiment are t o f i n d 

o u t : (a ) how a p o t e n t i a l g r a d i e n t a f f e c t s ions i n an a i r stream and 

(b ) the e f f e c t of w i n d on the charge brought t o an antenna. The 

present i n v e s t i g a t i o n was made i n the low speed w i n d t u n n e l o f the 

Engineer ing Science Department whose c o o p e r a t i o n i s g r a t e f u l l y -

acknowledged. The wind t u n n e l has a c r o s s - s e c t i o n V? c r a square, and 

a work ing l e n g t h of 122 cm. The maximum a t t a i n a b l e speed i s about 

30 m s \ A i r f l o w i s con t inuous ly v a r i a b l e and has a lower l i m i t of 

about k m s \ For a diagrammatic r e p r e s e n t a t i o n o f the wind t u n n e l 

see F i g . 7-7« I n the atmosphere, a t l e a s t over f l a t grounds, the 

wind speed i s h o r i z o n t a l and the p o t e n t i a l g rad ien t i s v e r t i c a l . 

Therefore the p o t e n t i a l g r a d i e n t ma in ta ined i n s i d e the wind t u n n e l was 

made p e r p e n d i c u l a r t o the d i r e c t i o n of a i r f l o w . Since the space 

charge dens i t y no rma l ly f o u n d i n the a i r i s t oo s m a l l t o g ive a 

c u r r e n t which can be e a s i l y measured w i t h any antenna t h a t would go 

i n the wind t u n n e l , i t was necessary t o generate a s u i t a b l e space 

charge a r t i f i c i a l l y . 
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7.2 Design procedure 

Tha p l a n of the experiment was t o use two p l a t e s A and B as shown 

i n F i g . 7.1 and t o measure the c u r r e n t f r o m A t o e a r t h f o r d i f f e r e n t 

speeds of a i r f l o w between A and B j B was t o be main ta ined a t a 

p o t e n t i a l V w i t h respect t o e a r t h . I t i s shown below how the s ize and 

separa t ion of A and B, V and the speed of a i r f l o w u were selected.; 

antenna A should n o t work a t o r beyond the ' s a t u r a t i o n l i m i t ' , t h a t i s , 

i t should no t c o l l e c t a l l the ions between A and B. 

The axes of co -o rd ina t e s a re as shown i n F i g . 7 » l ( b ) ; the x - a x i s 

i s p a r a l l e l t o the l e n g t h of the p l a t e , and pe rpend icu l a r t o i t s p lane 

i s the z a x i s . The f o l l o w i n g assumptions are made and the c r i t i c a l 

va lue of V t h a t w i l l cause A t o work below the s a t u r a t i o n l i m i t w i l l be 

c a l c u l a t e d . The assumptions a r e : 

(a ) on ly p o s i t i v e ions w i l l be present i n the a i r stream, the nega t ive 

ions h a v i n g been removed. 

(b ) i n the p o t e n t i a l g r a d i e n t between A and B p o s i t i v e ions move 

towards the antenna A. 

( c ) a i r f l o w i s u n i f o r m and i s i n the x d i r e c t i o n . 

(d) t he re w i l l be no movement o f ions i n the y d i r e c t i o n j ; t h a t i s , 

mot ion i s on ly i n the xz p lane . 

The a p p l i e d p o t e n t i a l g r a d i e n t F i s g iven by 



^ a i r f l o w 

speed - u 

( a ) 

( b ) 

D E S I G N O F T H E I O N - C O L L E C T O R 7 . 1 F I G 

A S S E M B L Y 



92 

where d i s t h e separa t ion between A and B and V i s the p o t e n t i a l o f B 

w i t h respect t o A. I f i s the m o b i l i t y of the p o s i t i v e ions then 

i n t ime & t an i o n moves a d is tance 6z where 

6z b= - O J ^ F 6 t 

o r 6z =5 1 6 t 
d 

i . e . 5 t ts - : Sz 
CD V 

1 

Hie t ime t r e q u i r e d f o r an i o n t o move f r o m B t o A i s t h e r e f o r e g iven 

by 
o 

dz 

a 2 . . . . (7-1) 

Dur ing t h i s t ime a i r w i l l have moved a d i s tance u t . The c o n d i t i o n f o r 

a l l the ions between A and B t o be c o l l e c t e d i s 

u t < i . . . . . . . . . . . . . . . . . . . . . . . . . ( 7 . 2 ) 

where I i s the l e n g t h of the antenna A. Hence f r o m ( 7 . l ) and (7.2) 

the c o n d i t i o n i s 

.2 
V > # -

.1 

The c r i t i c a l va lue of V i s t h e r e f o r e V where 
o 
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Using the chosen values 

d = 20 cm 

Jt = 50 cm 

-k - 1 - 1 and t a k i n g co^ st 10 m s pe r V m we can c a l c u l a t e V q f r o m 

Eq. (7<>5)» Table 7*1 g ives the va lues o f V Q and the c r i t i c a l p o t e n t i a l 

g r a d i e n t V ^ d f o r f i v e d i f f e r e n t a i r speeds. I t i s easy t o see t h a t 

f o r the chosen va lues of d and & and f o r a i r speeds i n the range 

1 < u < 10 m s"^ the antenna A w i l l work below the s a t u r a t i o n l i m i t i f 

the a p p l i e d p o t e n t i a l g r a d i e n t i s l e ss than about 5500 V m \ 

7o2.1 The i o n - c o l l e c t o r assembly 

Th i s i s i l l u s t r a t e d i n F i g . 7«2 . The antenna o r i o n c o l l e c t o r 

A was a r ec t angu la r sheet of a luminium, 50,8 cm by 15*3 cm, f i x e d on 

f o u r po lys ty rene i n s u l a t o r s T, each 2.5 cm h i g h ; the i n s u l a t o r s were 

mounted on a plywood base PB, l . J cm th ick . . A p l a t e C, 65 cm by 28 cm, 

w i t h a c e n t r a l opening 55 cm by 18 cm, formed a guard r i n g t o A. A 

shor t p iece of brass tube BT, diameter , 2.5 cm, was f i x e d t o an opening 

0 i n C. A i r was sucked i n through BT f o r space charge measurements. 

The clearance between A and B was 20 cmj and B measured 65 cm by 28 on. 

F i g . 7«3 shows the assembled system. I n F i g . 7«8 i t i s seen how the base 

PB was f i t t e d secure ly i n t o the s l o t s on the s ides of the wind t u n n e l . 

Four brass screws, s i z e 0BA, two f i x e d on t o B and two on t o PB are 

seen i n F i g . 7»3j each screw had a piece o f perspex. These moved 

outwards on the screws u n t i l they pressed permanently aga ins t the 
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CRITICAL 
VOLTAGE 

V 
o 

CRITICAL 
POTENTIAL 
GRADIENT 

F 
0 

1 ms 787 v 39̂ 0 Via" 1 

2 157^ 7870 
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! 5 
i 

3937 I969O 

; 1 0 

i 
I 

787^ 39370 

TABLE 7.1 L i m i t i n g va lues of V f o r 

d i f f e r e n t wind speeds u» 



FIGURE 7.3 The i o n - c o l l e c t o r assembly 
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lower and the upper s ides of the wind t u n n e l . 

The cu r r en t f l o w i n g f r o m A t o e a r t h was measured us ing a v i b r a t i n g 
g 

reed e l e c t r o m e t e r ; antenna A was connected t o e a r t h through a 1.0 fl 

r e s i s t o r . The p l a t e C was ea r thed , and known vo l t ages were a p p l i e d 

between C and B. The exper imenta l procedure i s shown i n F i g . 7» »̂ 

The space charge dens i ty between A and B was a l s o measured. The 

outputs of the V .R .E ' s were recorded on a 0 - 1 mA s t r i p cha r t pen 

recorder . 

The cable connexion t o A was taken out through a copper tube;; 

t h i s p revented any movement of the cable due t o a i r f l o w i n the w i n d 

t u n n e l , thereby reduc ing any p i e z o e l e c t r i c e f f e c t s . 

I f V i s t h e v o l t a g e a p p l i e d t o B i n v o l t s then the p o t e n t i a l 

g r a d i e n t between A and B i s s imply V / d . The guard r i n g avoids 

d i s t o r t i o n of the l i n e s of f o r c e c lose t o A. 

7.2.2 The p o i n t d i scharger 

The p r i n c i p l e o f p o i n t discharge was used f o r p roduc ing ions . 

That i s , i f the p o t e n t i a l o f a p o i n t i s p o s i t i v e and main ta ins a 

c u r r e n t I down t o ea r th then i n t ime t the re w i l l be a re lease I t o o 

of space charge i n t o the surrounding medium. 

The p o i n t d i scharger i s shown i n F i g s . 7.5 and 7.6. S ix screw 

threaded brass rods , s ize 0.BA, sharpened a t b o t h ends, are seen 

f a s t ened t o two perspex p l a t e s PP. The l a t t e r measured 20 cm by 

20 cm and f i x e d on t o a wooden base WB as shownj WB s tood on f o u r 
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bases FB, each 11.5 cm h i g h . The p o i n t d i scharger was p laced i n the 

wind t u n n e l w i t h i t s rods pe rpend i cu l a r t o the a i r f l o w and a t the 

extreme end o f the work ing s e c t i o n , away f r o m the e x i t . (See Fig.7°7)» 

The rods were a l l connected t o a 0 - 50 kV power supply . The 

connect ing power cable was l e t i n t o the w i n d t u n n e l through a smal l 

opening on one o f i t s s ides . Two l e a d b locks LB a t t ached t o the 

lower s ide of WB made the system heavy and steady even i n an a i r speed 

o f about 15 m s Th i s was necessary t o p revent the h i g h v o l t a g e 

rods coming i n t o contac t w i t h the w a l l s of the w i n d t u n n e l . 

The choice and the s ize o f the rods were a r b i t r a r y and the au tho r 

c a r r i e d out no experiments t o f i n d out the e f f i c i e n c y of space charge 

p r o d u c t i o n w i t h the number of rods or w i t h t h e i r r e l a t i v e o r i e n t a t i o n . 

7.2.5 Power u n i t s and o ther r e l a t e d apparatus 

A 50 kV power supply (Brandenberg type MR 50/RA) was used a long 

w i t h t h e p o i n t d i scharger . A f i l t r a t i o n - t y p e space charge c o l l e c t o r 

s i m i l a r t o t h a t desc r ibed by Bent (196^) measured the space charge 

d e n s i t y . The p o t e n t i a l g r a d i e n t i n the i o n - c o l l e c t o r assembly was 

ma in ta ined f r o m a 0 - 35O V F a r n e l l power u n i t . The readings were 

a l l recorded on a 0 - 1 mA f o u r pen E v e r e t t Edgcumbe recorder . 

F i g s . 7.8 t o 7 « H show c l e a r l y t h e exper imenta l se t -up. 
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FIGURE 7*8 Measurements i n progress - the i o n - c o l l e c t o r 

assembly i n s i d e the wind t u n n e l . 
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FIGURE 7.9 Measurements i n progress - the Brandenberg 5^ -sV 

power supply and the v i b r a t i n g reed e lec t romete r s 
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FIGURE 7*10 Measurements i n progress - the space charge 

c o l l e c t o r 
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FIGURE 7 » H Measurements i n progress - l e f t t o r i g h t , 

t he Ber tz micromanometer, I n k w e l l r ecorder 

and the F a r n e l l power supply (0 - 500 V) 
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7»3 Measurement of a i r f l o w i n a wind t u n n e l - the P i t o t tube 

The behaviour of a non-viscous f l u i d e x h i b i t i n g i r r o t a t i o n a l f l o w 

under conserva t ive f o r c e s i s descr ibed b y the B e r n o u l l i ' s equa t ion . 

For s t reaml ine f l o w i t takes the f o r m 

\ u 2 + + E = constant (7-5) 

Here u i s the v e l o c i t y o f the f l u i d , p the p ressure , o the d e n s i t y 

and E the p o t e n t i a l energy per u n i t masso For the case o f steady f l o w 

i n a g r a v i t a t i o n a l f i e l d (7° 5) may be w r i t t e n as 

2 ~o 

\ u + £ + gz = constant (7«6) 

where g i s the a c c e l e r a t i o n due to g r a v i t y and z i s t h e d is tance 

measured f r o m a f i x e d datum l e v e l . 

Consider the h o r i z o n t a l steady f l o w o f a f l u i d . The s t reaml ines 

a re h o r i z o n t a l . Take one of these l i n e s as the datum l e v e l f r o m 

which z i s measured. Then (7«6) becomes 
2 T) 

\ u + * = constant . . . . ( 7 . 7 ) 

I n Figo 7.12(a) i s shown a s m a l l L-shaped tube Q in t roduced i n the 

moving f l u i d so t h a t t h e entrance of Q faces the on-coming stream. 

The f l u i d r i s e s i n Q and remains a t r e s t . Equa t ion (7 .7) may 

then be a p p l i e d t o a h o r i z o n t a l s t reaml ine such as MN. This g i v e s 

% + i ^ 2 = p w 

P n - % = i ffu (7 .8) 
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I t i s t h e r e f o r e p o s s i b l e t o determine u f r o m a knowledge of (p^ - p ^ ) 

and o. Experiments show t h a t f o r gases a remains p r a c t i c a l l y constant 

up t o speeds of about 50 m s "̂ 

7.3.1 The P i t o t - s t a t i c tube 

To determine e x p e r i m e n t a l l y the pressure d i f f e r e n c e (p^ - p M ) a 

s o - c a l l e d P i t o t - s t a t i c tube may be used. Such a tube i s d iagraramat ica l ly 

i l l u s t r a t e d i n F i g . 7«12(b) . I t has two concen t r i c tubes . The inner 

one f u n c t i o n s as a P i t o t tube descr ibed above. The outer tube i s 

c losed a t one end, the o ther end i s open f o r connexion t o a manometer. 

S ix o r e i g h t ho les are d r i l l e d i n . a r i n g RH i n t h e f o r w a r d - p o i n t i n g 

p o r t i o n of the tube . The pressure exe r t ed across the plane of each 

h o l e i s equa l t o t h a t o f the stream. The end o f the tube t h a t f aces 

the on-coming f l u i d i s u s u a l l y made h e m i s p h e r i c a l . 

I f P i s the pressure d i f f e r e n c e measured w i t h such a tube , i t 

can be shown t h a t P i s g iven by 

P = ^ o u 2 (1 - f ) (7 .9) 

where ( l - f ) i s known as the c a l i b r a t i o n f a c t o r . Usua l ly f i s ve ry 

s m a l l j f o r gases f a 0.003 (see Smith , I96O) and (7 .9) becomes 

P = | o u 2 (7.10) 

We may w r i t e (7«10) as 



F I o w 5>" _ _ . - • - - j — 
- - - " M N -

(a) P i t o t tube 

RH 
xz 

( b ) P i t o t - s t a t i c tube 

(not to scale ) 

ir \ 

to di f ferent ia l 

m a n o m e t e r 

F I G . 7.12 THE P R I N C I P L E O F A P I T O T - S T A T I C 

T U B E . 
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- 2 -5 - 1 
where P i s i n kgfm , o i n kgra and u i n ms . The pressure u n i t 

- 2 
kgfm i s the f o r c e per u n i t square metre of the mass 1 kg sub jec ted 

_2 

t o the s tandard va lue o f g r a v i t y 980°7 cm s . Since the dens i t y o f 

a i r i s 1.20i<- kgm ^ a t 20°C and a t atmospheric pressure , we o b t a i n f r o m 
(7.11) 

u 2 = 16.29 P . . ( 7 . 1 2 ) 

This equa t ion was used f o r c a l c u l a t i n g the speed o f f l o w i n the wind 

-2 -1 
t u n n e l ; P i s i n kgfm and u i n ms . 

7«3.2 The Ber tz micromanometer 

The pressure d i f f e r e n c e P was measured u s i n g the micromanometer 

shown i n F i g . J.llo I t i s s u i t a b l e f o r q u i c k accurate and cont inuous 

measurement of smal l d i f f e r e n t i a l pressures o f gases. 

The manometer c o n s i s t s of an accura te machined c i s t e r n and tube 

o f a h e a v i l y p l a t e d copper a l l o y . The measuring l i q u i d i s d i s t i l l e d 

water w i t h a sma l l amount o f w e t t i n g agent t o reduce surface t e n s i o n 

e f f e c t s though the s p e c i f i c g r a v i t y of the water remains u n a f f e c t e d . 

On the water i s a f l o a t w i t h a glass scale a t t ached . The scale 

graduat ions and f i g u r e s are en la rged approx imate ly 25 t imes and 

p r o j e c t e d on a screen. The ins t rument i s c o r r e c t a t 20°C and 

-2 -2 

c a l i b r a t e d i n kgfm . A maximum pressure d i f f e r e n c e of 25O kgfm 

can be measured w i t h the manometer; the accuracy ob ta inab le i s 

b e t t e r than one per cen t . 
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7« h Observat ions 

The c u r r e n t I f r o m A t o ea r t h and the space charge dens i ty i n the 

a i r stream were measured a t d e f i n i t e a i r speeds; the p o t e n t i a l g r a d i e n t 

was v a r i e d f r o m 0 t o 1000 Vm The procedure adopted was the f o l l o w i n g . 

(a ) The v i b r a t i n g reed e l e c t r o m e t e r s , t he pen recorder and the Ber t z 

micromanometer were a l l checked f o r ze ro . 

(b ) The wind t u n n e l was then s t a r t e d and the a i r f l o w c o n t r o l l e d t o 

g i v e a p re -de te rmined reading on the manometer. 

( c ) Next , : the h i g h v o l t a g e power supply was set f o r 10 kV; a h i g h e r 

va lue wou ld have g i v e n unreasonably h i g h space charge concent ra­

t i o n . 

(d ) The s u c t i o n f a n t h a t worked a long w i t h t h e space charge c o l l e c t o r 

was then swi tched on. So was the power u n i t t h a t ma in ta ined 

the p o t e n t i a l g r a d i e n t i n the i o n - c o l l e c t o r assembly. 

( e ) Next was the s e l e c t i o n o f the a p p r o p r i a t e i n p u t r e s i s t o r s f o r 

Q 
the V.R.Es . For c u r r e n t measurements t h e r e s i s t o r was 10 ft 

w i t h the range s w i t c h a t 1000 mV. For space charge measurements 

12 

10 ft was s e l ec t ed w i t h the range swi t ch set t o 300 mV. 

( f ) Measurements were a l l taken a f t e r l e t t i n g the whole system 

s e t t l e down f o r about 20 min . 

(g ) F i r s t , w i t h a i r speed u kep t cons t an t , t he c u r r e n t I and the 

space charge d e n s i t y were measured f o r v a r i o u s vo l t ages V a p p l i e d 

t o B. A t every 15 min V was changed t o a new va lue m a i n t a i n i n g 

u cons t an t ; va lues o f V were f r o m 0 t o 200 V i n steps o f 20. 
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This meant a t o t a l t ime of 2 h r and V? min t o cover the 11 

d i f f e r e n t v o l t a g e s e t t i n g s a t one g iven speed u . The author 

would have p r e f e r r e d t o apply each V f o r about an hour ; t h i s 

would mean a minimum t ime of 11 h r t o cover the whole v o l t a g e 

range a t one g i v e n a i r speed u . However, the wind t u n n e l makes 

an a w f u l noise and the cont inuous o p e r a t i o n , even f o r an hour , 

makes l i f e d i f f i c u l t f o r people work ing c lose by . I t was 

ma in ly f o r t h i s reason t h a t one p a r t i c u l a r V was a p p l i e d f o r 

on ly 15 m i n . This ' does no t mean t h a t the measurements were no t 

r e l i a b l e . The response tames f o r c u r r e n t and space charge 

measurements were r e s p e c t i v e l y 0.lavd 10 s. 

(h ) The manometer read ing was read a t every h a l f hour . The tempera­

t u r e was a l s o measured b u t i t had v e r y l i t t l e e f f e c t on the 

f i n a l r e s u l t s . 

( i ) A f t e r c o v e r i n g the v o l t a g e range 0 - 200 V , the a i r f l o w was 

changed t o a new speed and the e n t i r e procedure repeated again.. 

( j ) Measurements were taken f o r both decreasing and inc reas ing w i n d 

speeds. 

7-5 Resul ts 

The f o l l o w i n g p o i n t s were no ted d u r i n g the course of the experiment , 

( a ) The c u r r e n t I f r o m A t o ea r th increased as the a i r speed increased ; 

the e f f e c t o f the p o t e n t i a l g r ad i en t on I was n e g l i g i b l e . The 

l a t t e r was o f the order of 10~̂  A. y^^'l^'''":ft^\ 0.'. 

9 29 SEP W« 
«eci'o* 
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( b ) I n zero w i n d , 10'kV on the p o i n t d i scharger had no e f f e c t on I . 

Here I decreased by a f a c t o r o f 10̂  o r more. 

( c ) Wi th 10 kV on the p o i n t d i scharger and w i t h a d e f i n i t e speed o f 

a i r f l o w the measured space charge d e n s i t y p remained almost 

cons tan t . (See F i g . 7.Ik). 

F i g . 7*13 shows s m a l l p o r t i o n s of the c u r r e n t t r a c e s I f o r t h ree 

d i f f e r e n t a i r speeds. The space charge dens i t y t r aces are shown i n 

F i g s . 7-1^ a * i d 7»15» F i g . 7»15( a ) r e f e r s t o ttie space charge measure­

ment i n zero a i r speed and w i t h oV on the p o i n t d i s cha rge r ; F i g . 7« 15(b) 

i s the space charge r e c o r d i n zero a i r speed and w i t h 10 kV on the 

p o i n t d i scharger . The r e s u l t s are i l l u s t r a t e d g r a p h i c a l l y i n 

F i g s . 7.16 t o 7.22. I n F i g s . 7.16 t o 7«19> t he measured c u r r e n t d e n s i t y 

i i s seen p l o t t e d a g a i n s t the p o t e n t i a l g r a d i e n t . F i g . 7«20 shows how 

i v a r i e s w i t h u a t zero p o t e n t i a l g r a d i e n t . The cases corresponding 

t o 100 Vm and 1000 Vm 1 are shown r e s p e c t i v e l y i n F i g s . 7»21 and 

7.22. Two curves are seen i n each o f the F i g s . 7.20, 7-21 and 7.22. 

Curve I corresponds t o measurements taken w i t h decreasing a i r speed 

and curve I I those taken w i t h i n c r e a s i n g a i r speed-

Since the space charge d e n s i t y p remained constant throughout the 

experiment i t i s reasonable t o assume t h a t 

i = P f ( u ) 



13 THE: MEQSKRED C U ^ R ^ T I FOR. 

T H R E E JblFFEREtfT A l f ^ SPEEDS. 



I 

! !i 

! 

I 

€> C J 

Si. LSD 

1 

I 

6 

1 

m 1 

1 

(a) (tO 

7 - 1 ^ SPACE CHARGE TRACES. 

(00 -for U = 5 . 7 ™ i f ' and (J>) -f°v LL^ $-t vns1. 



0 > ( 1 I 

f 1 i 

r i l l 

•8 
I ! C 0) C J 

a 2 
i 

• KIT IT 

1 A 

o 
j r> ~ 17 ~ 
'•sL JH> 

! 

C J 

3 M i l 

I 

(a) (M 
FIG. 7.15 SPACE CHfiRGB IN XEKo 

SPEED. (*) With lokV -the f><W c / z s c A a r ^ c r 

0>) With oV on \>oini dischdrjer. 



I O A in in 

> 
I/) 

ixi 

a: 
O CD — c 

UJ 

i— 

in 
O 

<0 

I — i — I 
"to 

CSJ CM 

( v w v ) AiisNaa i N a a u n o 



4 4 I I 
I «/) 

in 
0) CO UJ 

to 

UJ 

6 

UJ <n 
O -J 

UJ UJ 

u 

UJ 

CD 

u. O 

t 

in (0 oo in 
OH 



IS) 

I f ) 

00 

\ U J 

to 
U J 

V) 

0 0 
O 
8 

(/) U J 

U J 

UJ 

u 

00 
UJ 

I f ) 
0> 

- I 

I z - ^ V ) A l l S N 3 0 i N 3 « a n D 



UJ 

V) 

CO 
GO 

UJ 
CO 

or 
4; 

0 i f ) 

l±J 

UJ 

oo • 

o 

0 00 0) 00 
t 

( t - ^ V ) A 1 I S N 3 Q 



103 

•where f (u) i s a function of u only. Since pu has the dimension of 

a current density we may write 

i = f p u 

where ^ i s a dimensionless quantity; £ may depend on the jsize and 

the shape of the antenna. I f £ were independent of u the plot of i 

against u would have been a straight line since p remained constant 

and the measurements were taken with the same antenna. Experimental 

results however, j u s t i f y a dependence of £ on u. Accordingly we write 

£ = f (i and u) 

We note here that I and u alone cannot give a dimensionless quantity 

and that the Reynolds number J3u/v i s dimensionless. We may say 

therefore that £ depends directly on the Reynolds number Re; i . e . , 

C =T]Re where 1 i s a numerical constant. 

7»6 Conclusions-

In the experiment described the current to the plate antenna A 

consists of two components, namely a conduction and an advection 

current. The conduction current density i s 7\̂ F where i s the 

conductivity of ions inside the wind tunnel - that of positive ions. 

The advection current density, on"the other hand, i s pu. An insulated 

area placed in an a i r stream picks up an advection component £pu. 
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Here £ depends on the shape and the size of the antenna and also on 

the a i r speed. The total current density i in the a i r stream, as 

measured by an antenna A is given by 

i = T^F + £pu 

What emerges from the experiment is that for potential gradients less 

than or equal to 1000 Vm""*" and for wind speeds in the range k. 9 < 

u < 9«k m s""*" the current density i does not depend on F but on u. 

We therefore conclude that >iF « £pu for 0 « F 1000 V m"1 and 

k»9 ^ u < 9« k m s ~ \ Accordingly the current density measured can be 

written as 

i = £ P U (7.13) 

This equation may be val id even for lower a i r speeds provided u is 

large compared to the overall d r i f t velocity of the ions. Eq. (7 .I3) 

requires i against F to be a constant. This i s true for a reasonable 

extent. However, the sl ight variations of i against F shown in 

Figs . 7.16 to 7»19 may be due to a i r speed fluctuations in the wind 

tunnel. The variations seen are apparently random fluctuations and 

certainly are not due to potential gradient changes. 
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CHAPTER 8 

A THEORETICAL ACCOUNT OF THE MOVEMENT OF IONS 131 THE ATMOSPHERE 

8.1 The relaxation time at' the atmosphere 

8.1.1 Effects of the convection current 

The relaxation time is a measure of the time required for a system 

of reacting particles to change or relax from their original state to 

^their f i n a l state. With reference to atmospheric e lectr ic i ty i t i s 

the time T taken for the charge of a body or an a i r parcel to f a l l to 

l / e of i t s original value by ionic processes. When this happens purely 

by e lectr ic conduction i t was shown in Chapter 1 that T = e The 

case dealt with here is that of an air- parcel losing charge by conduc­

tion and convection; i t enables us to obtain a value for T when 

convection is also taken into account. 

The continuity equation may be written with the usual notation as 

div J + | ^ = 0 (8.1) 

where J i s the current density and p i s the space charge density. 'The 

expression for J , assuming both conduction and convection currents, i s 

J = - + K (8-2) 

A negative sign appears since here J i s measured in the same direction 

as z. Substituting (8.2) in (8.1) we obtain 

div (-AF) + div ( - K g | ) + g | = 0 (8-3) 
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Assuming as in Chapter 1 a constant conductivity 7\ and using 

div F = -v/e

0> E (l« (8»3) reduces to 

- d i v ( K | | ) + * • | | - o (8.M 

Eq. (8.It-) t e l l s how P changes with time and in space. However, a 

solution i s d i f f i cu l t and some simplifying assumptions are necessary 

before we can express P in terms of time and space coordinates. A 

one-dimensional solution is given to avoid the complexity of the 

problem; i t may be reasonable since J was assumed to be independent 

of x and y. The variation of p with t and z is therefore given by 

We further assume that K, the eddy di f fus iv i ty , is independent of z , 

the height above the ground. This may not be correct j nevertheless 

i t doe.s not prevent us from appreciating what (8.5) predicts when 

K i s independent of z. Consequently (8.5) becomes 

- + ¥• + & - 0 <8-6> 
O 

We now assume that (8.6) can be expressed by a solution of the form 

p = f ( t ) * (z ) (8.7) 

where f ( t ) i s a function of t only and$(z) i s a function of z only. 

Substituting (8.7) in (8.6) and dividing throughout by f ( t ) ^(z) we 

get 
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- K ~ + ~ f f 0 • 
o 

f * ~ - K - F < 8- 8> 

o 

•where primes indicate ordinary derivatives; f* = df/dt, 

* " = cf^/dz 2 etc. Equation (8.8) expresses two differential equations, 

namely 

f - + r - - 1 1 . . . . . ( 8 .9 ) 
o 

a n i

 K 2 £ - - n (8.io) 

where t) i s a constant and i s not equal to - ~K/e q . The solution of 

(8.9) i s 
f = f Q e x p j - (X/«Q + n ) t j (8.11) 

where f = f at time t = 0. Eq. (8.10) may be sat isf ied by 
o 

$ es $ COS (0)Z + C * ) . . . . . (8 .12) 
o 

where * Q and a are arbitrary constants andu)2 =a T } / K . I f in addition 

* at z » 0 then a = 0. The solution of (8.6) i s therefore o 

P - f Q * Q (exp (X/e Q + T] ) t |^ cos a>z . . (8.13) 

I t is seen from (8.13) that the variation of space charge density with 

height follows a sinusoidal pattern when an eddy dif fus ivi ty invariant 

with height i s assumed. To evaluate T) we assume p = 0 for-large values 

of z, say for z > H q . This requires 

Cos ui H = 0 
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The above boundary condition forces to to aasume one cf the inf inite 

number of values to which sat isfy m 17 

o> H =» (2m - 1) J (8.1k) 

m o ' ' 2 

where m =» 1, 2, We now define a quantity i which may be 

called a 'characteristic eddy diffusion length' for the m^1 mode. 
1 0) „ (2m - l ) it 
& H 2 

m o 
the solution of (8.6) for the 'm**1 mode' i s consequently 

pm " f o # o m ( e ^ { - ^ 8 o + ! , m ^ } ) C O B ( ^ ; ) 

Hence the complete solution of (8.6) i s 
00 

p ( Z , t ) - £ f • o m ( e x p { - ( X / e o + n m ) t } ) c o s ( ^ ) 
o N N m 

m=l 
Consider the relative magnitudes r.€ T ] ^ , T ^ , . . , , . . , , . ^ a o o o a e a s o B s e s a t 

Put t = l/i\ ; i t has the dimension of time. Since n to2 K and in ' m m m 
ta = (2m. - l)rt/2 H we can write m x ' ' o 

r - <* - l f 

m 
and ' t

1 / t 2 ~ ^' ^ l ^ ^ 8 3 = i|-9 etc. Consequently only 

the fundamental mode w i l l be present after a time comparable with 

t^.; the higher modes w i l l decay much faster than the fundamental. 

Therefore when a fundamental mode of eddy diffusion is assumed the 

solution of (8.6) takes the form 
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p ( z , t ) = f * 0 1 ^ e x p | » . ( A / e o + \ ) t ^ c o s (f^ ) 

and the relaxation time T i s given by 

or 

1 
T 

1 
T 

e '1 
o 

2L + 1 
£ o fcl 

(8.16) 

Clearly the second term on the right hand side of (8«l6) is due to 

the convection current. 

Now t, s=» - r -

'1 

/ 2 H \ 2 . 

(8.16a) 

This i s the contribution to the relaxation time from convection when 

only the fundamental mode of eddy diffusion i s present. Law (1963) 
2 _ l 

assumes K = 0.1 m s at 100 cm. Let this be the magnitude of K in 

the region 0 < z < H • The value of t^ for -three different heights 

H Q are given below. From (8.16) and (8.l6a) we note that the 

convection current can affect the atmospheric relaxation 

H t. 
0 1 

10 m 1+00 s 

20 1600 

100 1+0000 



110 

t i m e t o a c o n s i d e r a b l e e x t e n t o n l y i f H I s s m a l l : H i s t h e h e i d i t 
o o 

above -which t h e space c h a r g e d e n s i t y was assumed, t o he z e r o o r 

n e g l i g i b l e . Measurements o f B e n t a n d H u t c h i n s o n (1966) w i t h i n a 

21 m mas t show v e i y l i t t l e change i n space c h a r g e d e n s i t y b e t w e e n 

t h e t o p a n d t h e b o t t o m o f t h e m a s t . We c o n c l u d e t h e r e f o r e t h a t when 

K i s c o n s t a n t t h e e f f e c t s o f t h e c o n v e c t i o n c u r r e n t on t h e r e l a x a t i o n 

t i m e o f t h e a tmosphe re i s s m a l l a n d can be n e g l e c t e d . 

8 . 1 . 2 E f f e c t s o f changes i n K, t h e eddy c l i f f u s i v i t y , w i t h h e i g h t 

The o n e - d i m e n s i o n a l s o l u t i o n o f (8*k) g i v e n i n S e c t i o n 8 . 1 . 1 

assumed K t o be i n d e p e n d e n t o f z . T h i s i s n o t u s u a l l y t h e case . L e t 

us see how T changes i f K i s assumed t o be o f t h e f o r m K Q Z where 

K i s a c o n s t a n t . 
o 

C o n s i d e r i n g a g a i n a o n e - d i m e n s i o n a l s o l u t i o n and p u t t i n g 

K = K Q Z , E q . ( 8 . 1 0 t a k e s t h e f o r m 

- K Z £e.- K s£ + *e. + 5s. = o . . . . ( 8 . i 7 ) 
o -N 2 o o z e o t o z o 

A s s u m i n g as b e f o r e a s o l u t i o n o f t h e f o r m 

p m E ( t ) G ( z ) 

we have t w o d i f f e r e n t i a l e q u a t i o n s 

~ + ~ - - - » ( 8 . 1 8 ) 
o 

a n d 

K o ( T + r ) - ^ 
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•where E ( t ) i s a f u n c t i o n o f t i m e o n l y a n d G ( z ) i s a f u n c t i o n o f z 

o n l y ; p r i m e s d e n o t e o r d i n a r e y d e r i v a t i v e s . The c o n s t a n t u i s n o t 

e q u a l t o - A /e . The s o l u t i o n o f ( 8 . 1 8 ) i s 

E = E

Q

 E ^ P { - ( r " + ( 8 - 2 ° ) 

where E = E q a t t i m e t = 0. We c a n n o t say much a b o u t t h e m a g n i t u d e 

o f | i j T i s g i v e n b y 

1 = A _ 
T e ^ 

o 

A d i s c u s s i o n o f t h e c o m p l e t e s o l u t i o n o f ( 8 . 1 7 ) when K depends on 

z i s d i f f i c u l t a n d w i l l n o t be d e a l t w i t h h e r e . 

8 . 2 H o r i z o n t a l o r a d v e c t i v e t r a n s f e r o f c h a r g e s 

8 . 2 . 1 I n t r o d u c t i o n 

I t was shown e a r l i e r t h a t t h e o v e r a l l movement o f a t m o s p h e r i c 

i o n s i s more l i k e l y t o be c o n t r o l l e d b y t h e m o t i o n o f a i r t h a n b y 

modera t e p o t e n t i a l g r a d i e n t s . T a k i n g t h i s t o be t h e case t h e 

c o n t i n u i t y e q u a t i o n d i v J + bp/dt — 0 i s s o l v e d b y p u t t i n g J = pV 

where V i s t h e a v e r a g e a i r v e l o c i t y v e c t o r . The o n e - d i m e n s i o n a l 

s o l u t i o n g i v e n b e l o w e n a b l e s us t o g i v e a q u a l i t a t i v e e x p l a n a t i o n 

o f t h e space cha rge p u l s e s m e n t i o n e d e a r l i e r . Some d o u b t s may 

a r i s e a s t o t h e a p p l i c a b i l i t y o f d i v J +bp/bt= 0 s i n c e p r o d u c t i o n 

a n d r e c o m b i n a t i o n o f i o n s a r e n o t e x p l i c i t i n i t . I t w i l l be shown 

t h a t when c e r t a i n c o n d i t i o n s a r e met t h e c o n t i n u i t y e q u a t i o n a l o n e 
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t a k e s c a r e o f t h e p r o d u c t i o n and r e c o m b i n a t i o n o f i o n s . The c o n d i t i o n s 

a r e : 

( a ) i o n s o f b o t h s i g n s a r e p r e s e n t , e i t h e r s m a l l o r l a r g e i o n s , b u t 

n o t a c o m b i n a t i o n o f b o t h , a n d 

( b ) i o n s behave i n much t i i e same way as n e u t r a l p a r t i c l e s . T h a t i s , 

t h e e f f e c t o f a p o t e n t i a l g r a d i e n t on t h e movement o f i o n s i s 

assumed t o be s m a l l . 

L e t q b e t h e r a t e o f p r o d u c t i o n o f i o n p a i r s p e r u n i t v o l u m e , n ^ 

a n d n ^ t h e numbers o f p o s i t i v e a n d n e g a t i v e i o n s r e s p e c t i v e l y p e r u n i t 

v o l u m e , e t h e e l e c t r o n i c cha rge and a t h e r e c o m b i n a t i o n c o e f f i c i e n t . 

I o n s a r e assumed t o be s i n g l y c h a r g e d . C o n s i d e r i n g p o s i t i v e c h a r g e s 

i n u n i t v o l u m e , 

q - 0 £ n

1

n 2 " d i v ( V n i ) • • • • 0 . 0 . ( 8 . 2 2 ) 

S i m i l a r l y f o r n e g a t i v e i o n s 

- g - ^ = q - Q f n - ^ g - d i v ( V n 2 ) . . . „ <> - . . ( 8 . 2 3 ) 

From ( 8 . 2 2 ) a n d ( 8 . 2 3 ) we have 

^ ( n r n 2 ) = - d i v V ( n r n 2 ) 

M u l t i p l y i n g t h r o u g h o u t b y p a n d p u t t i n g p = ein^-xi^) 

g£- + d i v ( P V ) = 0 . . . . . . ( 8 . 2 1 ) 
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Thus we see how the c o n t i n u i t y e q u a t i o n e x p r e s s e s i m p l i c i t l y the 

p r o d u c t i o n and r e c o m b i n a t i o n of i o n s . 

8 . 2 . 2 S o l u t i o n of the c o n t i n u i t y equat ion 

C o n s i d e r motion i n the x d i r e c t i o n o n l y . E q u a t i o n ( 8 . 2 l ) becomes 

+ f > « 0 = 0 

where u i s the component o f the v e l o c i t y v e c t o r V i n the x d i r e c t i o n . . 

L e t us assume t h a t u i s independent of x and depends o n l y on t . 

T h e r e f o r e we have 

^ + u | | = 0 ( 8 . 2 4 ) 

To so lve ( 8 . 2 4 ) p u t p = E ( t ) G ( x ) where E ( t ) i s a f u n c t i o n of time only 

a n d G ( x ) i s a f u n c t i o n of x o n l y . We have t h e r e f o r e two d i f f e r e n t i a l 

e q u a t i o n s 

- 7 ( 8 . 2 4 a ) 
1 E ' 
u E 

= 7 ( 8 . 2 4 b ) 

Here E ' = d E / d t , G 1 = dG/dx and 7 i s a c o n s t a n t . The s o l u t i o n of 

( 8 . 2 4 b ) i s 

G = G q e x p ( 7 x ) ( 8 . 2 5 ) 

where G = G q a t x = 0. C o n s i d e r nex t ( 8 . 2 4 a ) . Assuming u can be 

e x p r e s s e d a s a time v a r y i n g f u n c t i o n , g i v e n by 
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u = U q + u ^ cos cut ( 8 . 2 6 ) 

w i t h an a n g u l a r f r e q u e n c y co, we o b t a i n f r o m ( 8 . 2 4 a ) 

i S = - 7 ( u o + u i c o s t c t ) 

i . e . I n E = 
J u x 

s i n cot 

- 7 ^ ( U q + u ^ cos i o t ) d t + c o n s t a n t 

f u t + u

 s t o m t l 
- 7 - | 0 ' l a ) j + c o n s t a n t 

i f E = E a t t = 0 , t h e n 
o 

E = E 0 « p { ^ ( « 0 t + U l i a £ )} 

The comple t e s o l u t i o n o f ( 8 . 2 4 ) i s t h e r e f o r e 

„ „ J / . . , s i n cut x 1 
p = E o G o e x p j - 7 ( u o t + u 1 — x ) j 

{ e x p ( - 7 u Q t ) } e x p j u ^ ^ . - 1 ^ 1 ^ j p = pQ 

where P = E G . I f we f i x o u r a t t e n t i o n a t x = 0 , t h e n 
0 0 0 ' 

p = p Q j e x p ( - r u t ) | e x p ^ - - ~ s i n c u t ) . . . . ( 8 . 2 7 ) 

F i g . 8 .1 shows t h e v a r i a t i o n s o f e x p ( - 7 u t ) a n d e x p ( - s i n t o t ) w i t h 

t i m e . We n o t e t h a t i n t h e s p e c i a l o n e - d i m e n s i o n a l case w i t h an a i r 

v e l o c i t y e x p r e s s e d I n t h e f o r m U q + u ^ cos t o t t h e space charge d e n s i t y 

e x h i b i t s g r a d u a l l y d e c a y i n g p e a k s . The a c t u a l c o n d i t i o n s i n t h e 

a tmosphe re a r e , h o w e v e r , d i f f e r e n t f r o m t h o s e assumed. The d i r e c t i o n 

o f t h e w i n d speed changes c o n t i n u o u s l y a n d c a n n o t be e x p r e s s e d b y a 

s i m p l e e q u a t i o n o f t h e f o r m g i v e n a b o v e . B e s i d e s , ( 8 . 2 l ) needs t o 



(a) 

E X P ( - * U T ) 

T I M E T 

E X P ( - - Y U O T ) 

( b ) 

E X P ( - S I N U T ) 

2TT 4TJ 

cot 

V A R I A T I O N S O F E X P ( - X U T ) A N D F I G 8.1 

E X P ( - S I N C O T ) T I M E W I T H 
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be s o l v e d i n t h r e e d i m e n s i o n f o r a c o m p l e t e u n d e r s t a n d i n g o f how p 

v a r i e s w i t h t i m e . More w i l l be s a i d i n C h a p t e r 1 0 . 

8 .3 A g e n e r a l t r e a t m e n t o f t h e m o t i o n o f i o n s i n t h e a tmosphere 

8 . 3 . I I n t r o d u c t i o n 

I f a f l u i d h a v i n g a cha rge d e n s i t y p i s i n m e c h a n i c a l e q u i l i b r i u m 

t h e n t h e c u r r e n t d e n s i t y v e c t o r I _ a t any p o i n t w i t h i n i t may be 

r e p r e s e n t e d b y _ I = A F where 7v i s t h e c o n d u c t i v i t y a n d F i s t h e p o t e n t i a l 

g r a d i e n t a c t i n g on t h e medium. 'The t e r m m e c h a n i c a l e q u i l i b r i u m i m p l i e s 

t h a t t h e r e i s no m a c r o s c o p i c m o t i o n o f t h e f l u i d . On t h e o t h e r hand., 

a h y d r o d y n a m i c m o t i o n w i l l u n d o u b t e d l y p r o d u c e c u r r e n t s . Such 

c u r r e n t s a r i s e f r o m t h e mass t r a n s p o r t o f t h e medium. 

When t h e f l u i d i s n o t i n m e c h a n i c a l e q u i l i b r i u m a n d I f t h e 

p o t e n t i a l g r a d i e n t i s weak t h e n a n e x a c t knowledge o f t h e movement o f 

i o n s e i t h e r canno t be o b t a i n e d or i f o b t a i n e d i s t o o complex t o use . 

I f t h e h y d r o d y n a m i c m o t i o n i s l a r g e i t i s h a r d t o d i s t i n g u i s h a 

c h a r g e d p a r t i c l e f r o m a n e u t r a l p a r t i c l e . T h a t i s , t h e r e i s no 

r e a s o n why an i o n s h o u l d n o t behave i n much t h e same way as a n e u t r a l 

p a r t i c l e . The b e s t a p p r o a c h i s t o d e a l w i t h t h e m o t i o n o f a l l t h e 

p a r t i c l e s c o l l e c t i v e l y . A i r , w i t h due c o n s i d e r a t i o n g i v e n t o i t s 

p r o p e r t i e s , can be d e s c r i b e d b y c o n v e n t i o n a l e q u a t i o n s i n h y d r o d y n a m i c s » 

The l a w s o f e l e c t r o s t a t i c s must a l s o b e a p p l i e d t o t a k e i n t o a c c o u n t 
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t h e f i n i t e c o n d u c t i v i t y o f t h e medium. A c o m p l e t e t r e a t m e n t o f t h e 

movement o f i o n s i n t h e l o w e r a tmosphe re s h o u l d t h e r e f o r e i n c l u d e n o t 

o n l y e l e c t r i c c o n d u c t i o n and c o n v e c t i o n c u r r e n t s b u t a l s o a d v e c t i o n 

c u r r e n t s . The c u r r e n t d e n s i t y a t any p o i n t i n space must t h e r e f o r e 

be r e p r e s e n t e d b y a v e c t o r I where 

I = - k ) v F + i I + j I + k I ' . . . . ( 8 . 2 8 ) 
— — - x y — z 

The n o t a t i o n I 1 i s u s e d h e r e t o l e a v e I f r e e f o r use i n E q . ( 8 . 2 9 ) 
z z 

b e l o w . I n ( 8 . 2 8 ) _ i , k a r e u n i t v e c t o r s i n t h e x , y a n d z 

d i r e c t i o n s r e s p e c t i v e l y and I x , 1̂ . a n d 1^ a r e t h e c o n t r i b u t i o n t o 

t h e c u r r e n t d e n s i t y b r o u g h t a b o u t b y m e c h a n i c a l t r a n s f e r o f c h a r g e s . 

The c o n t r i b u t i o n ( i I + j I + k l ' ) i n c l u d e s b o t h c o n v e c t i o n a n d — x — y — z ' 

a d v e c t i o n c u r r e n t s . The t e r m 7\F i s t h e f a m i l i a r c o n d u c t i o n c u r r e n t . , 

I n t h e a tmosphe re t h e v e r t i c a l m o t i o n i s s m a l l a n d t h e t e r m V 

may be i d e n t i f i e d as t h e c o n v e c t i o n c u r r e n t d e n s i t y - K o p / d z due 

t o eddy d i f f u s i o n . I t i s t h e r e f o r e p o s s i b l e t o w r i t e ( 8 . 2 8 ) i n 

t h e f o r m 

I = i I + j I - k (XF + K | 2 . ) 
— — x y — o z 

C l e a r l y I x a n d 1^ may be r e g a r d e d as a d v e c t i o n c u r r e n t s . P u t t i n g 

I = (AF + K o p / a z ) t h e above e q u a t i o n t a k e s t h e s i m p l e f o r m 

I = i I + j I + k I ( 8 . 2 9 ) 
— — x y — z \ y/ 
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T h i s i s t h e m o s t g e n e r a l e x p r e s s i o n f o r t h e c u r r e n t d e n s i t y v e c t o r a t 

any p o i n t i n t h e a tmosphe re . 

8 . 5 » 2 E q u i l i b r i u m o f a f l u i d i n a g r a v i t a t i o n a l f i e l d 

C o n s i d e r t h e m e c h a n i c a l e q u i l i b r i u m of a f l u i d i n a g r a v i t a t i o n a l 

f i e l d . The momentum b a l a n c e e q u a t i o n f o r u n i t vo lume o f t h e f l u i d 

o f d e n s i t y o i s 

Here V i s t h e i n s t a n t a n e o u s v e l o c i t y o f t h e f l u i d , p t h e p r e s s u r e , 

g t h e a c c e l e r a t i o n due t o g r a v i t y a n d F t h e p o t e n t i a l g r a d i e n t . The 

t e r m p F i s u s u a l l y v e r y s m a l l compared t o t h e o t h e r t e r m s a n d so 

( 8 . 3 0 ) r e d u c e s t o 

a — = - g r a d p - o g - p F ( 8 . 3 0 ) 

a 
dV 
at g r a d p - o g ( 8 . 3 D 

Now 
dV d V 
d t 5 T 

+ V . g r a d V 

a n d t h e r e f o r e we h a v e 

+ V . g r a d V g r a d p 5 t 

F o r a f l u i d a t r e s t i n a g r a v i t a t i o n a l f i e l d 

- g r a d p - (Jg = 0 
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C o n s i d e r i n g o n l y t h e z d i r e c t i o n t h e above c o n d i t i o n i s 

|f - ° B ( 8 - 3 2 ) 

F o r m e c h a n i c a l e q u i l i b r i u m o f a f l u i d i n a g r a v i t a t i o n a l f i e l d t h e 

p r e s s u r e i s a f u n c t i o n o f t h e a l t i t u d e z o n l y . I t f o l l o w s f r a n 

(8 .»32) t h a t t h e d e n s i t y , o i s a l s o a f u n c t i o n o f z o n l y . S i n c e p a n d a 

d e t e r m i n e t h e t e m p e r a t u r e T t h e n e c e s s a r y c o n d i t i o n i s t h e r e f o r e t h a t 

T i s a f u n c t i o n o f z o n l y . T h i s however does n o t n e c e s s a r i l y g u a r a n t e e 

t h e s t a b i l i t y o f t h e s y s t e m . A f l u i d can b e i n m e c h a n i c a l e q u i l i b r i u m 

w i t h o u t b e i n g i n t h e r m a l e q u i l i b r i u m . . : Eq» ( 8 . 3 2 ) c a n be s a t i s f i e d 

even i f t h e t e m p e r a t u r e i s n o t c o n s t a n t t h r o u g h o u t t h e f l u i d . On t h e 

o t h e r h a n d , i f T i s d i f f e r e n t a t d i f f e r e n t p o i n t s w i t h t h e same 

a l t i t u d e t h e n m e c h a n i c a l e q u i l i b r i u m i s i m p o s s i b l e . I t can be shown 

t h a t f o r c o n v e c t i o n t o be a b s e n t , S T / 9 Z > - T where T , t h e a d i a b a t i c 

l a p s e r a t e i n d r y a i r , i s e q u a l t o g / c p . The n e c e s s a r y a n d s u f f i c i e n t 

c o n d i t i o n s f o r m e c h a n i c a l e q u i l i b r i u m a r e t h e r e f o r e 

T ~ j { z ) o n l y 

a n d , m ^ > . fi-
dz c 

P 

8 . 3 « 3 Hydrodynamic e q u a t i o n s a p p l i e d t o a t m o s p h e r i c i o n s 

I n t h i s s e c t i o n t h e h y d r o d y n a m i c e q u a t i o n s , t h a t i s , t h e momentum 

t r a n s f e r e q u a t i o n a n d t h e c o n t i n u i t y e q u a t i o n a r e w r i t t e n down f o r 
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a i r c o n t a i n i n g i o n s . . The p r e s e n c e o f a p o t e n t i a l g r a d i e n t i s a l s o 

t a k e n i n t o a c c o u n t b y a p p l y i n g t h e l a w s o f e l e c t r o s t a t i c s . The s o l u t i o n 

o f t h e momentum t r a n s f e r e q u a t i o n i s c o n s i d e r e d i n t h e n e x t s e c t i o n 

a n d g i v e s a g e n e r a l i z e d e x p r e s s i o n f o r t h e c u r r e n t d e n s i t y v e c t o r _ I 

a t any p o i n t i n space . C e r t a i n a s s u m p t i o n s a r e o f cour se n e c e s s a r y 

t o comple t e such a n a n a l y s i s a n d t h e y a r e : 

( a ) A t m o s p h e r i c a i r c o n t a i n s p e r u n i t v o l u m e n ^ p o s i t i v e i o n s a n d 

n ^ n e g a t i v e i o n s , each o f mass m. 

( b ) The p o s i t i v e i o n s , n e g a t i v e i o n s and n e u t r a l m o l e c u l e s a r e a l l 

i n f l u e n c e d b y t h e canmon p r e s s u r e f o r c e V p . T h i s i s t h e p r e s s u r e 

f o r c e t h a t causes w i n d . The c o r i o l i s e f f e c t w i l l be n e g l e c t e d . 

I s o b a r s a r e a l s o c o n s i d e r e d t o be s t r a i g h t . I f t h e s e were c u r v e d 

t h e c e n t r i f u g a l e f f e c t w o u l d a l s o have t o be t a k e n i n t o a c c o u n t . 

( c ) The p o s i t i v e i o n s , n e g a t i v e i o n s a n d t h e n e u t r a l m o l e c u l e s can 

be r e p r e s e n t e d s e p a r a t e l y b y t h r e e n o n - v i s c o u s f l u i d s so t h a t t h e . 

b e h a v i o u r o f t h e i o n s can be s t u d i e d b y a p p l y i n g t h e c o n v e n t i o n a l 

l a w s o f h y d r o d y n a m i c s t o t h e r e s p e c t i v e i o n f l u i d s . 

( d ) The a v e r a g e v e l o c i t y o f t h e p a r t i c l e s a t a n y p o i n t i n space i s t h e 

ave rage v e l o c i t y o f t h e f l u i d a t t h a t p a r t i c u l a r p o i n t . 

( e ) The t h r e e f l u i d s , t h a t i s t h e p o s i t i v e i o n s , t he n e g a t i v e i o n s and 

t h e n e u t r a l m o l e c u l e s , i n t e r a c t w i t h one a n o t h e r . 

( f ) The space charge d e n s i t y i n t h e a tmosphe re i s s m a l l . S i n c e t h e 

number d e n s i t y o f n e u t r a l m o l e c u l e s i s l a r g e we may assume f u r t h e r 
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t h a t t h e p o s i t i v e i o n s i n t e r a c t m a i n l y w i t h t h e n e u t r a l m o l e c u l e s 

g i v i n g r i s e t o a c o l l i s i o n f r e q u e n c y v ^ . S i m i l a r l y t h e n e g a t i v e 

i o n s i n t e r a c t m a i n l y w i t h t h e n e u t r a l m o l e c u l e s g i v i n g r i s e t o a 

c o l l i s i o n f r e q u e n c y v^. 

( g ) The random, u n i f o r m d i s t r i b u t i o n o f n e u t r a l m o l e c u l e s makes i t 

p o s s i b l e t o t a k e a n d t o be i ndependen t o f t i m e t a n d t h e 

c o - o r d i n a t e s x , y a n d z . 

The c o l l i s i o n f r e q u e n c y o f p o s i t i v e i o n s i s d e f i n e d on t h e 

f o l l o w i n g l i n e s . We s h a l l assume t h a t t h e f r i c t i o n a l f o r c e on u n i t 

v o l u m e o f t h e p o s i t i v e i o n f l u i d due t o p o s i t i v e i o n - n e u t r a l m o l e c u l e 

i n t e r a c t i o n i s p r o p o r t i o n a l t o t h e v e l o c i t y o f t h e p o s i t i v e i o n f l u i d 

a n d t h e d e n s i t i e s o f p o s i t i v e i o n s a n d n e u t r a l m o l e c u l e s r e s p e c t i v e l y . 

We t h e r e f o r e w r i t e t h e f r i c t i o n a l f o r c e on u n i t vo lume o f t h e p o s i t i v e 

i o n f l u i d a s 

3 a - n , n V , 
1 o 1 

3 » - P ^ n ^ ( 8 . 3 5 a ) 

where i s t h e v e l o c i t y o f t h e p o s i t i v e i o n f l u i d a n d i s a c o n s t a n t 

d e t e r m i n e d b y t h e c o m p l i c a t e d c o l l i s i o n i n t e r a c t i o n s . The q u a n t i t y 

0 ^ may be a f u n c t i o n o f as w e l l a s o f t h e n e u t r a l m o l e c u l e f L u i d 

v e l o c i t y . 

The f o r c e 3 on u n i t vo lume o f t h e p o s i t i v e i o n f l u i d may a l s o be 

w r i t t e n as 
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- m V 1 v 1 n 1 . ( 8 . 3 3 b ) 

where V ^ n ^ i s t h e number o f c o l l i s i o n s p e r u n i t v o l u m e p e r second, a n d 

m i s t h e momentum t r a n s f e r r e d p e r c o l l i s i o n o T h e r e f o r e f r o m ( 8 « > 3 3 a ) 

a n d ( 8 . 3 5 b ) 

_ 

P l n o 
—J _ _ _ _ _ 

S i m i l a r l y t h e e f f e c t i v e n e g a t i v e i o n c o l l i s i o n f r e q u e n c y i s 

P 2 n o 

C o r r e s p o n d i n g t o E q . ( 8 . 3 0 ) f o r t h e f l u i d a s a w h o l e , t h e momentum 

t r a n s f e r e q u a t i o n a p p l i e d t o p o s i t i v e i o n s c o n t a i n e d i n u n i t vo lume 

o f a i r i s 

dvx 

n l m d t " 8 3 ~ V P " n^eF - mn^jV^V^ - n^mg . . . (8 .3*0 

Here ^ p i s a p r e s s u r e f o r c e , e t h e e l e c t r o n i c c h a r g e , F t h e p o t e n t i a l 

g r a d i e n t v e c t o r . I n c o n d i t i o n s o c c u r r i n g i n t h e a tmosphe re t h e 

g r a v i t a t i o n a l f o r c e p e r u n i t vo lume o f t h e medium i s v e r y s m a l l 

compared t o o t h e r t e r m s i n (8.3*0 a n d may be n e g l e c t e d . E q u a t i o n 

(8.3*)-) may t h e r e f o r e be w r i t t e n : 

dV n -> _ 
_ _ _ «, _ JL_ V p - ZL - v n V ( 8 . 3 5 ) 
d t n^m * m 1 l \ » / 

The c o r r e s p o n d i n g e q u a t i o n f o r n e g a t i v e i o n s i s : 

d V 2 1 eF 
_ - ! = _ _ i _ V p + -Si - v 0 v 0 ( 8 . 3 6 ) 
d t n j n * m 2 2 \ s / 
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where Vg i s t h e v e l o c i t y o f t h e n e g a t i v e i o n f l u i d . 

S i n c e t h e r e can be n o a c c u m u l a t i o n o f i o n s anywhere we w i l l h ave 

t w o f u r t h e r e q u a t i o n s e x p r e s s i n g c o n t i n u i t y . They a r e 

* n l 

+ s i = 0 ( 8 * 3 7 ) 

+ - g | - 0 ( 8 . 3 8 ) 

I n w r i t i n g down ( 8 . 3 7 ) a n d ( 8 . 3 8 ) t h e p r o d u c t i o n and r e c o m b i n a t i o n 

o f i o n s have b e e n n e g l e c t e d . 

These a r e t h e o n l y e q u a t i o n s we can w r i t e down a n d a s o l u t i o n o f 

t h e p r o b l e m w i l l amount t o a s o l u t i o n o f t h e f o u r e q u a t i o n s ( 8 . 3 5 ) ; 

( 8 . 3 6 ) , ( 8 . 3 7 ) » a n d ( 8 . 3 8 ) * The p r e s s u r e p i s n o t t h e s i m p l e k i n e t i c 

p r e s s u r e a n d c o n s e q u e n t l y V p c a n n o t b e e x p r e s s e d i n t e r m s o f any o f 

t h e g i v e n v a r i a b l e s . A c c o r d i n g l y t h e r e a r e more unknowns t h a n t h e 

e q u a t i o n s a n d a c o m p l e t e s o l u t i o n o f t h e p r o b l e m i s d i f f i c u l t t o 

r e a l i z e . 

8 . 3 » ^ S o l u t i o n o f t h e momentum t r a n s f e r e q u a t i o n 

E q u a t i o n ( 8 . 3 5 ) may be r e a r r a n g e d a s 

dV 1 

—± + V l v n = - — v P - — ( 8 . 3 9 ) 
d t 1 1 n-^m * m v 

To s o l v e ( 8 . 3 9 ) we assume V 1 t o be a f u n c t i o n o f t i m e o n l y . T h e r e f o r e 

( 8 . 3 9 ) becomes 

d i v ( a ^ ) 

a n d 

d i v ( n 2 V 2 ) 
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d _ 
d t { V l e x * (^!«)} = { e x p (/^dt)} £ J L V p - i f ) 

S i n c e i s assumed t o be c o n s t a n t we h a v e 

d__ 
dt 

^ 1 , 6 0

 V l exp( V lt) - / { expCv . t ) } ( - - L . V p - ^ ) dt + k 

where k i s a c o n s t a n t . 
o 

V 1 =* { e x p ( - V l t ) } ^ e x p ^ t ) } ( - ^ V P - - f ) d t + k Q 

= { e x p ( - V l t ) } { e x p ( V l t ) | ( - ^ V p - g - ) + k Q | 

i . e . 

V . • V p _ + k e x p ( - v n t ) 
1 n n m v n * mv n o ^ v 1 ' 1 1 

I f at time i = V 1 = V q and V p =• V p Q 

eF 1 V + SE. + vp 
o mv^ n l m v i 

, " . V = - — i — V p - — + ( V + — + — ~ V p ) e x p ( - V -
1 n ] | m v 1 * m v 1 \ o m v 1

 n i m v i ° / 1 t ) 

F o r c o n d i t i o n s such t h a t t » l / V ] _ 

v = v P - f-s-^ 
1 n l m v l \ m v l / 

F (8.1»0) 
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S i m i l a r l y t h e s o l u t i o n o f (8.36) may h e w r i t t e n f o r t i m e s l a r g e 

compared t o l / V g a s 

T h i s e q u a t i o n t o o assumes t h a t Vg i s a f u n c t i o n o f t i m e o n l y . I t i s 

seen f r o m (8.ko) a n d (Qmkl) t h a t t h e v e l o c i t y o f an i o n w h e t h e r 

p o s i t i v e o r n e g a t i v e i s d e t e r m i n e d b y t w o f a c t o r s , t h e p r e s s u r e 

f o r c e a n d t h e p o t e n t i a l g r a d i e n t F . I f F i s weak i t s e f f e c t w i l l n o t 

b e f e l t b y t h e i o n s a n d t h e i o n i c v e l o c i t i e s w i l l be d e t e r m i n e d m a i n l y 

b y t h e p r e s s u r e f o r c e . I f F = 0, E q s . (8. kO) a n d (8.1a) r e d u c e t o 

V a _ : — V p 
1 n i 1 * 

a n d ., 
V = - — — V p 

S i n c e b o t h p o s i t i v e a n d n e g a t i v e i o n s a r e assumed t o b e s i m i l a r a p a r t 

f r o m t h e i r s i g n m u s t be e q u a l t o Vg i f t h e p o t e n t i a l g r a d i e n t 

v e c t o r i s z e r o . I t t h e r e f o r e f o l l o w s t h a t 

r> v = n v 
1 1 2 2 

i . e . 
n l V 2 
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8.3.5 The t o t a l cu r r en t d e n s i t y v e c t o r 

The t o t a l cu r r en t d e n s i t y v e c t o r i s g i v e n by 

I = n x e V 1 - n 2 e V 2 (8.U2) 

where Y ± and V g are g i v e n by (Q.kO) and ( 8 A l ) . Fran (8.U2), (8.1tO) 

and ( 8 . k l ) we have 

f 1 n l e F \ 

n „eF 
- e ( - - i - Vp + \ mv2 * mv2 ••' 

I t i s convenient a t t h i s stage to cons ider how t h e concept o f m o b i l i t y 

has been in t roduced . The m o b i l i t y o f p o s i t i v e i o n s , f o r i n s t ance , 

may be expressed as the v a l u e e/mv^ when the system e x h i b i t s no 

hydrodynamic mo t ion , t h a t i s , i n c o n d i t i o n s where the pressure f o r c e 

V p i s ze ro . This may be w r i t t e n as 

l i m 

V p - * 0 

I s i t s t i l l p o s s i b l e t o r ega rd e/mv^ as the m o b i l i t y of p o s i t i v e ions 

when the system i s no longe r i n mechanical e q u i l i b r i u m ? I t may be 

t h a t e/mv^ i s g iven by an express ion o f the f o r m 

£g- = a ) 1 + a± Vp + a g f r p ) 2 + a 5 ( V p ) 3 + 
mi 
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where a^, a^, w i l l make t h e equa t ion d imens iona l ly 

c o r r e c t . S i m i l a r l y f o r nega t ive ions 

" "mv̂  = ^2 + a l V p + a

2 ^ p ) 2 + ^ ^ P ^ + 

Keeping i n mind these genera l remarks and t o be on the safe side we 

may a v o i d c a l l i n g e/mv^ the m o b i l i t y <a^ whenVp i s f i n i t e . 

Le t the component of the p o t e n t i a l g r a d i e n t i n the z d i r e c t i o n 

be F . Then f r o m (8.k2a) t he th ree components of t h e cu r r en t d e n s i t y 

v e c t o r may be w r i t t e n as 

I 
x 

I . n (-^)eF - n0 V e ) F z 1 xmV^/ z 2 Vmv^ / z 

(8.^3) 

Now i n the atmosphere the terms ^ and ^ g i v e r i s e t o the 

advec t ive mot ions . Since the v e r t i c a l wind speed i n the atmosphere ha j 

been observed t o be s m a l l i t i s reasonable t o assume ^ = 0. However; 

a v e r t i c a l t r a n s p o r t o f ma t t e r takes p lace through the process o f 

eddy d i f f u s i o n , as mentioned e a r l i e r , and a convec t ion c u r r e n t 

- K dp/fa z must be i n t roduced i n t o (8. U3) so t h a t one may account f o r 
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the complete movement of ions i n the atmosphere. The t o t a l c u r r e n t 

c ens i t y v e c t o r a t any p o i n t i n the atmosphere i s t h e r e f o r e g iven by 

( 8 . k k ) below and expresses n o t o n l y the movement o f ions by e l e c t r i c 

and 

! = - » eF - n j ^ ) ( -e )F - K | « z 1 \ m v y z 2 \ m v y v ' z Oz 

(8.100 

convect ive means b u t a l so b y advec t ive means. 

8.3-6 F u r t h e r p o i n t s 

The r e s t of the equat ions (8.37) and (8.38) are d i f f i c u l t t o 

solve as they s tand . I t was however noted b e f o r e t h a t = Vg f o r 

zero o r weak p o t e n t i a l g r a d i e n t s . Eqs. (8-37) and (8.38) may then 

be arranged as 

d i v { e ( n r n 2 ) V } + g | { e ^ - ^ } = 0 

(8.1^5) 
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where V = V.^ = Vg. Since the space charge d e n s i t y p = e ( n 1 ~ n 2 ) , 

Eq. (8.45) becomes 

d i v ( p V ) + g-£ = 0 (8 .46) 

T h i s has i n f a c t been so lved i n Sec. 8.2 and needs no f u r t h e r a t t e n t i o n . 
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CHAPTER 9 

EXTENSIVE AIR. .SHOWER. MEASUREMENTS. AMD THE I B 
RELEVANCE TO ATMOSPHERIC ELECTRICITY 

9.1 General 

Chalmers (1967) mentions t h a t cosmic r a y showers, corresponding t o 

19 20 

pr imary energies o f 10 o r 10 eV, would produce measurable changes 

i n atmospheric e l e c t r i c elements and t h a t measurement o f p o t e n t i a l 

g r a d i e n t may be used t o de t ec t such energe t i c showers. F o l l o w i n g a 

suggest ion by Dr. Hutchinson and Dr. Turver t h a t ex tens ive a i r showers 

may produce de tec tab le changes i n atmospheric p o t e n t i a l g r a d i e n t or 

a i r - e a r t h c u r r e n t d e n s i t y the author made a p r e l i m i n a r y study o f the 

phenomenon a t the Durham U n i v e r s i t y Observatory s i t e . A group o f 

p a r t i c l e counters were set up i n the Observatory f i e l d and the 

occurrence o f t h e showers was recorded a long w i t h the o ther atmospheric 

e l e c t r i c elements. The d e t a i l s such as the number of p a r t i c l e s i n 

the shower and the p o s i t i o n o f t h e shower a x i s were o f course not 

a v a i l a b l e . The main reason f o r s e l e c t i n g t h e Observatory s i t e was 

t h a t the measurement of p o t e n t i a l g r a d i e n t , a i r - e a r t h c u r r e n t and 

space charge d e n s i t i e s were a l ready i n progress t h e r e . Considerable 

h e l p was r ece ived f r o m Dr. Turver i n the s e t t i n g up o f t h e p a r t i c l e 

counters and i t i s a p leasure t o acknowledge h i s co -ope ra t ion d u r i n g 

the course o f t h i s exper iment . 

I f a connec t ion w i t h atmospheric e l e c t r i c elements c o u l d be 
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found t h i s might l e a d t o a convenient and l e s s c o s t l y method of 

d e t e c t i n g E.A.S. 

9.2 Extens ive a i r showers 

The i n t e r a c t i o n of p r imary cosmic r a d i a t i o n w i t h a i r n u c l e i a t 

he igh t s between 15-35 km produces h i g h energy secondary cosmic ray 

p a r t i c l e s and these (no t a l l ) i n t u r n i n t e r a c t w i t t i a i r n u c l e i t o 

produce a shower. The te rm 'shower' means the simultaneous appearance 

o f a l a r g e number of p a r t i c l e s . The shower p a r t i c l e s may be charged 

or uncharged. The energy o f the p r imary r a d i a t i o n un ique ly determines 

the depth a t which the shower reaches a maximum, and a l so i t s s i ze a t 

d i f f e r e n t stages. The i n i t i a t i n g p r imary p a r t i c l e should have a 

c e r t a i n minimum energy b e f o r e the subsequent shower reaches the E a r t h . 

The te rm ex tens ive a i r showers ( E . A . S . ) i s used t o denote those showers 
5 

w i t h a t o t a l of 10 charged p a r t i c l e s or more a t sea l e v e l . The study 
Ik 

of p r imary cosmic r a d i a t i o n a t energies above about 10 eV i s u s u a l l y 

done by obse rv ing E.A.S. by means of l a r g e a r r a y s of p a r t i c l e d e t e c t o r s . 

The number o f p i l e s of de t ec to r s and the area on which they are 

d i s t r i b u t e d depend on the energy o f t h e p r imary r a d i a t i o n t h a t one 

s tud ies . 
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9«3 Exper imenta l procedure 

The occurrence of showers was de tec ted using th ree t r a y s o f 

Ge ige r -Mul l e r counte rs ; one of the t r a y s i s shown i n F i g . and i t 

conta ined 10 counters . The t r a y s were arranged t o f o r m a t r i a n g u l a r 

a r r ay i n t h e f i e l d where atmospheric e l e c t r i c elements were measured. 

The counters formed p a r t o f a co ; incidence c i r c u i t and c losed a r e l a y 

each t ime a shower a c t i v a t e d the •'whole se t o f qounters . Th i s means the 

l a r g e r the area on which the counters are d i s t r i b u t e d the l a r g e r i s 

the s ize o f the shower de tec ted . Measurements were f i r s t t aken w i t h 

the t r a y s kept a t t he v e r t i c e s o f a t r i a n g l e t o fo rm a smal l a r r a y . 

2 

La te r the t r ay s , were arranged t o f o r m an a r r a y of area 150 m . The 

p o t e n t i a l g r a d i e n t , a i r - e a r t h cur ren t and space charge d e n s i t i e s were 

a l so recorded i n sifcu. 

9. It- Resul ts 

Measurements were taken on f o u r days each w i t h an average r e c o r d i n g 

p e r i o d o f about 8 hours . Small p o r t i o n s o f the record ings are shown 

i n F i g s . 9*2 and 9«3» The occurrence o f a shower was recorded as 

a sharp pu l s e . F i g . 9*2 i s f o r the case where the counters were 

arranged t o fo rm a small a r r a y ; i t i s seen t h a t t h e showers recorded 

occurred a t a r a t e o f about one per minute . The r a t e was much s lower 

i n F i g . 9.3 where the counter d i s t r i b u t i o n fo rmed a l a r g e a r r a y . 

The changes|in the measured atmospheric e l e c t r i c elements d i d n o t 



FIGURE 9.1a A t r a y o f G e i g e r - M u l l e r counters 
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show any spec tacular c o r r e l a t i o n w i t h the showers de tec ted , main ly 

because i n the present wark i t was not p o s s i b l e t o d i s t i n g u i s h showers 

of ve ry h i g h energy f r o m o the r s . C a l c u l a t i o n s g iven below, i n the 

next S e c t i o n , show t h a t on ly showers corresponding t o p r i m a r y energies 

19 20 

of 10 or 10 eV can g i v e r i s e t o de tec tab le changes i n atmospheric 

e l e c t r i c elements. However, the recorded r e s u l t s were analysed on 

the f o l l o w i n g l i n e s . The s ign o f d i / d t , where i i s the a i r - e a r t h 

cu r r en t d e n s i t y , was no ted a t the t ime of occurrence of a shower. 

The r e s u l t s are t a b u l a t e d i n Table $.1. 

9.5 Discuss ion 

A shower i n i t s passage towards the E a r t h ' s surface produces a 

d e f i n i t e number o f i o n - p a i r s i n the atmosphere. Le t E be the energy 

o f t he i n i t i a t i n g p r imary p a r t i c l e . I n the f i r s t km of the E a r t h ' s 

atmosphere a f r a c t i o n f (where f at 10$) o f the t o t a l energy E w i l l 

be l o s t and appears as i o n i z a t i o n . (See Wi lson , 1957). Therefore 

the number n o f i o n - p a i r s produced . i n the atmosphere by a shower i s 

n «= f (9.1) 

where q i s the energy r e q u i r e d to produce an i o n p a i r . I f these ions 

a re assumed t o move i n the E a r t h p o t e n t i a l g r a d i e n t then t h i s would 

g i v e r i s e t o an increase 6 i i n the a i r - e a r t h cu r ren t d e n s i t y g iven by 

8 i = 8 n + e v + + 8 n ev (9*2) 
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where B n +

 8 3 number o f p o s i t i v e ions per u n i t volume produced by the 

shower 

8n =s number o f nega t ive ions p e r u n i t volume produced b y the 

shower 

v + = d r i f t v e l o c i t y o f the p o s i t i v e ions 
i 

v =» d r i f t v e l o c i t y o f the nega t ive ions 

and e = the e l e c t r o n i c charge. 

I n i t i a l l y the nega t ive ions w i l l be ma in ly e l e c t r o n s . The l i f e t ime 

o f e l e c t r o n s i n atmospheric a i r w i l l be v e r y smal l and they soon 

become negat ive ions . We may t h e r e f o r e assume t h a t a shower produces 

equal numbers o f p o s i t i v e and nega t ive ions . 

That i s , 8 n + « ? n . We a l s o assume t h a t v + e s v . Consequently Eq„ (9 .2) 

may be w r i t t e n as 

6 i = 2 5n ev (9.3) 

Here 6 n = Bn , = 8n and v =3 v , = v . + - + _ 
Put e = 1.6 x 1 0 " 1 9 C 

- 2 - 1 
v tt 10 ms 

and cons ider a 10 per cent increase i n the a i r - e a r t h c u r r e n t d e n s i t y ; 

-13 - 2 
t h a t i s , take B i t s 10 Am . We f i n d 

7 -3 Bn a 3 x 10 i o n - p a i r s m 

Let us assume t h a t a sho-wer produces a t o t a l number n of i o n - p a i r s i n 
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2 a volume o f a i r of average c r o s s - s e c t i o n 100 x 100 ra and w i t h i n a 
h e i g h t 10 km. Then 

R N 

on =a 
100x100x10x1000 

. 15 . * . n o 3 x 10 ^ i o n - p a i r s 

That i s , f o r a 10 per cent increase i n the a i r - e a r t h cur ren t d e n s i t y 

5 
a shower should produce a t o t a l of 5 x 10 i o n - p a i r s . We now c a l c u l a t e 

f r o m Eq. (9«l) an approximate v a l u e f o r .the energy E of the pr imary 

15 

p a r t i c l e t h a t would produce a t o t a l of 3 x 10 i o n - p a i r s . Tak ing 

q es20 eV and f at 0.1 we have 

E ct 6 x 1 0 1 T eV 

We t h e r e f o r e see t h a t o n l y those showers corresponding t o i n i t i a l 
18 

pr imary energies o f 10 eV or more can g i v e r i s e t o s i g n i f i c a n t 

changes i n the a i r - e a r t h cu r ren t d e n s i t y . Consequently a d e f i n i t e 

c o r r e l a t i o n may be f o u n d between atmospheric e l e c t r i c elements and 

those showers corresponding to i n i t i a l energies o f the o r d e r of 

1 0 1 8 or 1 0 2 0 eV. 
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CHAPTER 10 

CONCLUSIONS 

10.1 Exposed c o l l e c t o r measurements 

An antenna designed f o r a i r - e a r t h c u r r e n t measurements responds 

t o (a ) conduc t ion cu r r en t (b ) convec t ion c u r r e n t and ( c ) any l o c a l 

h o r i z o n t a l space charge movement by a i r masses. The l a t t e r has been 

named an a d v e c t i o n c u r r e n t . The v e r t i c a l conduc t ion and convec t ion 

cu r ren t s p l ay an e s s e n t i a l p a r t i n the charge balance of t h e E a r t h . 

The a d v e c t i o n c u r r e n t i s a l o c a l e f f e c t and does no t c o n t r i b u t e t o 

the charge balance of the E a r t h . Measurements show t h a t i n the lower 

atmosphere the conduc t ion cu r r en t i s sma l l and v a r i a t i o n s i n space 

charge dens i t y and tu rbu lence can cause c u r r e n t s comparable w i t h the 

conduct ion c u r r e n t . The f a c t t h a t space charge movemerlts produce 

l a rge c u r r e n t s has been con f i rmed by an .experiment per formed i n a 

low speed w i n d t u n n e l . The r e s u l t s show t h a t p o t e n t i a l g r ad i en t s 

l e ss than o r § q u a l t o 1000 Vm" 1 have no e f f e c t on ions moving i n a i r 

streams. I f t he space charge dens i ty i s p the a d v e c t i o n cu r r en t 

dens i ty i s p u where u i s the a i r v e l o c i t y . I t has been suggested 

t h a t the a d v e c t i o n cu r r en t p i c k e d up by an i n s u l a t e d antenna p l a c e d 

i n an a i r stream i s ^ j o u where £ depends on the shape of the antenna 

and the a i r speed u . 

The express ion f o r the t o t a l c u r r e n t dens i t y v e c t o r I d e r i v e d 
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i n Chapter 8 may be appl ied to the resu l t s of the wind tunnel 

experiment. I n the wind tunnel the conditions were such that 

® " GO - 0 

and mainly pos i t ive ions contr ibuted to I. The three components 

of _ I i n the wind tunnel may be w r i t t e n as 

"""x ° " ( ^ m v ^ ( Sx ) 

O 

- • i ( = s - ) " 

Results suggest tha t I was large compared to I . The point t o note 

i s tha t the measurement of the current density was done by having a 

plate p a r a l l e l to the x-di rect ior i" and the current would have increased 

many f o l d i f the plate had been used perpendicular to the x - d i r e c t i o n . 

We note tha t i f a p la te i s used i n an a i r - i o n stream f o r c o l l e c t i n g 

ions the p la te wi^L c o l l e c t a f i n i t e amount of ions whatever the 

r e l a t i v e o r i en ta t ion of the plate wi th respect to the d i r e c t i o n of 

the a i r stream-

Measurements i n f i n e weather showed negative space charge a t 15 

and 50 cm above the ground. The space charge density observed a t 
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75 cm was p o s i t i v e . Analysis of the observed values using a computer 

programme suggested that there is a layer of pos i t ive space charge, 

a few mi l l imeters t h i c k , close t o the Earth 's surface. 

I t has been shown t h a t , assuming a constant eddy d i f f u s i v i t y 

c o e f f i c i e n t , the convection current may cause a s i g n i f i c a n t change i n 

the re laxa t ion time of the atmosphere only i f the space charge density 

vanishes above the f i r s t 20 or 30 m from the Earth 's surface. 

No d e f i n i t e co r re l a t ion i s apparent, between extensive a i r showers 

and atmospheric e l e c t r i c elements. However, t h i s resu l t i s by no 

means conclusive, and ca lcu la t ion shows that only showers corresponding 
19 20 

t o primary energies of 10 or 10 eV can give^ measureable changes 

i n the a i r - ea r th current density. I t i s therefore of in teres t t o 
19 20 

record E.A.S. corresponding to primary energies of 10 - 10 eV 

along w i t h atmospheric e l e c t r i c elements. 

10.2 Space charge pulses 

The space charge pulses observed form a character is t ic feature of 

what happens i n the atmosphere. I t is not an inherent feature of the 

instrumentation used, as the author has observed these pulses w i t h 

two d i f f e r e n t space charge co l lec tors and with completely d i f f e r e n t 

e lec t ronic instrumentation. Many workers have not noticed these 

pulses because of t h e i r slow speed of recording. The pulses can be 

observed only i f a f a s t rate of recording i s used, e.g. 1 mm i n 3 s " 
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I t i s d i f f i c u l t to in te rpre t the shape of the space charge 

pulses i n the records. The pulses observed a t one po in t are sudden 

increases and decreases of space charge density at (that loca t ion . These 

sudden increases cannot be due to cosmic rays; neither can they be 

due t o r a d i o a c t i v i t y of the s o i l . They can only be due t o non-uniform 

a i r mixing. 

I t was shown i n Chapter 8 how the space charge density at any 

pa r t i cu l a r place varies with time f o r an ideal ized advective motion. 

Although Eq. (8.27) cannot be appl ied d i r e c t l y t o actual conditions i n 

the atmosphere i t can be said q u a l i t a t i v e l y that the space charge 

pulses may be due to advective motions i n the atmosphere. Use of two 

or three space charge col lec tors each separated by a distance of about 

50 m ho r i zon ta l ly w i l l give more information about the advective 

movements of space charges i n the atmosphere. 

10.5 The charge balance of the Earth 

The current density vector I a t any point i n the lower atmosphere 

has been shown t o be given by an expression of the form 

I « a i l + J I + k l — — x y — z 

where i , j and k are the u n i t vectors. I f I i s the current measured —' * — o 

using an antenna of cross-section A, then 

( I + 1 + I ) x y z ' 
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The estimated value of the charge reaching u n i t area of the Earth i n 

time t i s Q 'where exp 

Q esq? 

V 1 

or Q = / - r dt 

Since I and I are advection currents the current tha t ac tua l ly enters 

the Earth-atmosphere system i s simply I • Therefore the t rue t o t a l 

charge a r r i v i n g u n i t area of the Earth i s Q whe/re-
t 

Q as I i t 
Jo Z 

Clearly there w i l l be a large error i n the estimation of the charge 

reaching the Earth unless Q= Q e Xp« This i s so only i f 

I • I o o (10.1) 
x y v 1 

or 

( I + I ) d t => 0 (10.2) 

These may be s a t i s f i e d only i n exceptional circumstances, f o r example, 

i n very calm quiet conditions. I f the a i r remains steady i n the time 

during -which measurements are made one may estimate the actual charge 

reaching un i t area of the Earth i n a given t ime. The atmospheric a i r 
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never remains steady f a r mare than a few minutes. The turbulence i n 

the f i r s t few metres of the atmosphere i s also not i so t rop ic . In 

general the condi t ion ( 1 0 . l ) or (10.2) w i l l never be s a t i s f i e d near 

the ground. Moreover large errors may be involved when one calculates 

the so-called f i n e weather conduction current charge t r ans fe r from 

measurements made over one square metre of the Earth 1s surface. On 

the other hand, i f measurements are made over a very large area, say 
2 

1000 m , and then the charge reaching u n i t area estimated w i l l be f r e e 

frem the errors mentioned. 
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