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ABSTRACT 

Conductivity measurements i n the lowest few metres of the atmosphere 
have been the subject of investigation of relatively few workers. Their 
results appear to be confusing especially where the electrode effect i s 

concerned. The present work was undertaken as a further contribution to 

the understanding of conduction i n the lowest metre of the atmosphere. 

Simultaneous measurements of the polar conductivities of opposite sign 

at ground level as well as conductivities of either sign at 20 cm. and 100 

cm. above the ground were made together with the potential gradient at 
ground level. A mean value for the wind speed, and the wind direction 
during a period of recording could be obtained from the records of the 
Durham University Observatory where the work was undertaken. The 
conductivities were measured using two cylindrical condensers of the 
Gerdien type housed i n a p i t underground with their intakes flush with the 
surface. Air from the required height was drawn through a cardboard tube 
of that height slipped over the outer tube of the Gerdien condenser. To 
minimise the distortion to the lines of force resulting from the 
introduction of the cardboard tube i n this manner, the intake of the 
cardboard tube was surrounded by a narrow aluminium band continuously 
maintained at the right potential of the surroundings, by u t i l i s i n g the 
output of the f i e l d m i l l at ground and a "continuous balance c i r c u i t " of a 
Honeywell Brown recorder. 



Results have shown that both positive and negative conductivities 
decrease with height i n the lowest metre from ground, due to the effect 
of the radioactivity of the s o i l . The variation of the radioactive 
emanation i n the a i r i s directly affected by the role which the wind plays 
i n the mixing of the a i r . I t i s suggested that i n most conditions overland 
these factors combine against the enhancement of the electrode effect. 
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CHAETER I 

I N T R 0 D iU C T I 0 N 

IONS IN THE ATMOSPHERE 

The general r e s u l t of investigations on the ions i n the atmosphere 

shows that they can be c l a s s i f i e d into three c l a s s e s depending on t h e i r 

mobility. Those which have mobilities between 1 X 10 .and 2 X 10 
-1 -1 m.sec. for a potential gradient of 1 V.m. are known as the small ions. 

The actual value of a mobility being dependent, among other things, on 

humidity, impurities and pressure. This and the f a c t that under i d e n t i c a l 

conditions negative ions have mobilities which are rather greater than 

positive ions, suggests that a small ion i s more complex than merely a 

single molecule with a single electron i n excess or d e f i c i t . I t has i n 

fa c t been established that a small ion consists of a single ionised 

molecule with other molecules clustered round i t , and kept together by 

the charge. 

The second c l a s s of ions - known as large ions - are those which 

have mobilities between 3 X 10~ and 8 X 10 ra.yT sec. These are 

produced whenever a small ion i s captured by the uncharged p a r t i c l e s 

found i n the atmosphere known as condensation or Aitken n u c l e i . Large 

ions are considerably larger than the small ions which are not much larger 

than molecular s i z e . 

UHIV 
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The difference i n mobility between the small and large ions i s not 

the only d i s t i n c t i o n between them. I t i s to be noted that the aggregate 

of molecules which constitute the small ion i s held together by the charge. 

As soon as the charge i s l o s t the aggregate f a l l s apart and the small ion 

no longer e x i s t s . The large ion, however, can lose i t s charge and s t i l l 

e x i s t * as an uncharged nucleus and can read i l y acquire another charge, of 

either sign. 

The t h i r d c l a s s of ions - known as intermediate ions - are the ones 

which have mobilities between those of the small and large ions. Pollock 

(1915) f i r s t discovered such a group of ions with mobilities between 10~^ 

and 10~ m.v7secT to e x i s t only under conditions of low humidity. The 

existence of these ions was l a t e r confirmed by Wait (1935) but he did not 

find the same effect of humidity, Hogg (1939&) found d e f i n i t e groups of 
-5 -7 2 -1 -1 ions with mobilities from 2X 10 to 1 X 10 m.v.sec. He interpreted 

them as p a r t i c l e s of sulphuric acid having volumes which are i n t e g r a l 

multiples (up to 15) of a unit size (radius 3.6 X I0~^m.) comprising some 

2000 molecules. He did not find the effect of humidity which Pollock found, 

nor did he put forward any theory to account f or the unit s i z e . However, 

i f h i s interpretation i s correct, these ions can only be found where 

i n d u s t r i a l processes produce sulphuric acid. On the whole, while some 

workers found ions i n the atmosphere to ex i s t into separate groups, each 

group comprising a dif f e r e n t range of mobilities, with no ions with 

intervening values of mobility, others could only f i n d a continuous range 
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of mo b i l i t i e s . Intermediate ions are generally neglected i n discussions 

of atmospheric e l e c t r i c i t y . 

PRQDUOTICN AND DESTRUCTION OF IONS 

Various processes can act as i o n i s e r s of the atmosphere. I n the high 

atmosphere, from an altitude of about 80 km. and upward, u l t r a v i o l e t l i g h t 

from the sun i s doubtless the chief i o n i s e r . Ionisation by c o l l i s i o n 

takes place i n lightning flashes and i n the process of point discharge, 

but these occur only i n limited regions of the a i r and for a limited time 

i n stormy 'weather. I n some special circumstances ions may be formed when 

l i g h t , even of v i s i b l e wavelength, s t r i k e s c e r t a i n photosensitive 

substances. However, substances of the required s e n s i t i v i t y are so small 

a part of the constituents of the earth that t h i s i s undoubtedly an 

i n s i g n i f i c a n t i o n i s e r i n the atmosphere. U l t r a v i o l e t ' l i g h t of s u f f i c i e n t l y 

short wavelength d i r e c t l y to ionise the a i r i s apparently a l l absorbed 

high i n the atmosphere. 

Large and intermediate ions as w e l l as numerous nuclei which serve 

for the l a t e r formation: of large ions are at times introduced into the 

atmosphere by some chemical and. a few mechanical processes; f o r example 

domestic and i n d u s t r i a l furnaces, bush and for e s t f i r e s , e t c . Chalmers 

(1952) has found negative potential gradients i n mist and fog, ascribed 

to negative ions produced at high tension cables. Other s i m i l a r e f f e c t s 
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were also reported by Muhleisen (1953). 

Small and large ions are reported to be formed when a surface of 
water i s suddenly disrupted. I n pure water the small droplets carry a 
negative charge into the surrounding a i r whereas the larger ones with a 
positive charge settle to earth. I f the water contains small amounts of 
certain impurities, the sign of the charges may be reversed. This process 
can only be of importance i n the immediate neighbourhood of waterfalls 
or perhaps by the sea shore. 

Ions are also said to be formed by d r i f t i n g dust or snow. At such 
times abnormally intense electric f i e l d s become manifest i n limited areas 
and for short periods, resulting presumably i n the production of ions. 

A l l the several possible processes mentioned by which ions may 
be formed i n the atmosphere are not sufficiently widespread and effeotive 

to be dominant factors i n the ionisation of the atmosphere during fine 
weather. However, three other processes qualify as dominant factors. 
These are: ionisation due to radioactive substances i n the earth's crust, 
ionisation due to radioactive matter present i n the air i t s e l f and 
ionisation due to cosmic rays. 

Uranium, thorium and their products are widely distributed through 
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the earth's crust, whose surfaoe la y e r s therefore emito(,^, or2frays 

into the a i r . o( rays, having the le a s t power of penetration, cause a 

very small ionisation mainly i n the f i r s t few centimeters of the a i r 

above the surface. 0 rays and y rays can come from greater depths and 

penetrate much further into the atmosphere thus causing very appreciable 

ionisation. The y ray a c t i v i t y of potassium introduces another source 

of ionisation because the potassium content of the e a r t h 1 s crust i s 

considerable. 

Radioactive gases arise from the decay of radium and thorium within 

the earth and escape into the atmosphere by diffusion, thermal convection 

and decreases i n the external atmospheric pressure. The ionisation 

produced i n t h i s case i s l a r g e l y due to the 6( rays from the emanations 

themselves as w e l l as t h e i r successive products since here there i s no 

absorbing layer between the disintegrating atom and the a i r . 

Cosmic rays come to the earth's surface from above and suffer a 

p a r t i a l absorption i n the atmosphere. Their penetrating power i s much 

greater than that of the most penetrating 2T rays from radioactive bodies. 

The ionisation produced by the cosmic radiation increases rapidly with 

height above sea l e v e l , r i s i n g ten fold i n the f i r s t 10 km. The amount 

of ionisation shows some change with geomagnetic l a t i t u d e , being l e s s 

at the magnetic equator than at higher magnetic la t i t u d e s . 

i l 
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I n order to understand the r e l a t i v e importance of the three major 

ionising processes mentioned, i t i s convenient to use the unit, q , to 

represent the number of p a i r s of ions produced i n the a i r per c.c. per 

second. I n a i r at N.T.P. and ais sea l e v e l cosmic rays produce ions 

amounting to 1.8q at l a t i t u d e s over 50° and 1.5q near the geomagnetic 

equator. The effect of the r a d i o a c t i v i t y of the earth i s subject to 

considerable fluctuations with l o c a l conditions but on average i s found 

to be 4q over land and i s i n s i g n i f i c a n t over the sea. The ef f e c t of the 

r a d i o a c t i v i t y i n the a i r averages about 5q over land and i s negligible 

over the sea. Thus, on average, the t o t a l e f f e c t over land i s nearly 

11Q and that over the sea i s 1.8q f a l l i n g to 1.5q near the equator. 

The number of ions produced by the processes mentioned does not 

increase i n d e f i n i t e l y with time because c e r t a i n processes are at work 

removing them. Small ions are mainly removed by combination with 

uncharged nuclei to form large ions and by combination with large ions of 

opposite sign to form neutral Aitken nuclei. They are removed to a very 

small extent by recombination, the same being true for lai;ge ions. 

The ion population i n a eiven space increases or decreases u n t i l there 

i s a balance between the rate of formation and the rate of destruction. 
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CHAPTER I I 

THE ELECTRICAL CONDUCTIVITY OF THE ATMOSPHERE 

HISTORICAL 

That the a i r i s not a perfect insulator and that e l e c t r i c charge 

may be dissipated through i t was f i r s t discovered by Coulomb (1785) 
•who showed that a met a l l i c conductor, placed i n a i r , gradually loses i t s 

charge i n a manner to be ascribed not only to f a u l t y insulation, but also, 
to some extent, to the conduction of e l e c t r i c i t y away from the body into 

the a i r . Coulomb assumed that p a r t i c l e s suspended i n the surrounding a i r 

- e.g. dust, water vapour - f i r s t become charged by contact with the 

e l e c t r i f i e d body and then carry away i t s charge. The discovery of 

Coulomb, however, received l i t t l e attention u n t i l L i n s s (1887) reported 
h i s determinations of the di s s i p a t i o n c o e f f i c i e n t , made twice each day 

at Darmstadt, Germany, during two years. The values varied from a 

maximum i n summer to a minimum Sn winter, Then i n the l a s t decade of 

the Century E l s t e r and Ge i t e l perfected the method of measuring 

e l e c t r i c a l d i s sipation from charged bodies and made numerous 

measurements i n the outside a i r , from which they concluded that the 

diss i p a t i o n of charge i s greatest i n pure a i r and that fog, smoke, or 

other fac t o r s which reduce the v i s i b i l i t y , also reduce the dissipation, 

sometimes to values as low as one tenth that f or very c l e a r a i r . 

Although i t was therefore believed that the moisture i n the a i r helped 

to discharge a body, E l s t e r and G e i t e l concluded that i n pure a i r the 
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dissipation decreases when the a i r beoomss nearly .saturated -with water 
vapour. They found that i n the pure a i r of the mountains electrical 
charges are dissipated more rapidly than elsewhere. But their 
observations on mountains disclosed another interesting part of th i s 

picture puazle. Although i n the lowlands e l e c t r i c i t y was dissipated 
from a charged body exposed i n the outside a i r at about the same rate 
whether the charge was positive or negative, yet i t was found that on 

exposed mountain peaks during clear weather a negative charge was 
dissipated muoh more rapidly than one of positive sign. 

Thus i t became evident that the a i r of the atmosphere has the 
property of conducting e l e c t r i c i t y to a very slight yet a sufficient 
degree f o r this property to play an important role i n the electrical 
phenomena of the atmosphere. I t was the conception of ions i n gases de
veloped at this time, chiefly by J. J. Thompson and his collaborators, 
which enabled, almost simultaneously, Elster and Geitel (1899) and 
Wilson (19C0) to give a satisfactory explanation for the dissipation 
of an electric charge as being due to the neutralisation by ions of 
opposite sign drawn to the surface of the body by electrostatic 
attraction. 

The explanation of the observation that on mountain peaks a 
negatively charged body loses i t s charge muoh faster than does one 
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that i s charged positively i s as follows: the surface of the earth i s 
charged negatively during f a i r weather and that surface charge i s 

greatest on protruding portions such as mountain peaks; hence, negative 
ions d r i f t away from the earth while positive ions i n the a i r above 
d r i f t toward i t . Negative ions are therefore somewhat less abundant 

near the earth*s surface, especially over mountain peaks, than are 
ions of positive sign, although at distances further from the earth 
ions of each sign are about equally abundant. Thus i n a i r near the 

earth*B surface, the number of negative ions available being less, 

a positively oharged body loses i t s charge more slowly than does one 

which i s negatively charged. 

SATURATION CURRENT 

Let us consider two electrodes, separated by a i r , which, as we know, 

is always feebly ionised. On applying a potential difference between 

the electrodes the ions begin to move towards one or other of the 

electrodes according to their sign* On reaching the electrodes the 

ions give up their charges and so a small current begins to flow. 

I f and n 2 are the numbers of small positive and negative ions 
per unit volume, e i s the charge on an ion, k 1 and k g the mobilities 
of the two kinds of ion, respectively, and P the potential gradient, 
then the current density, i , i s given by: 



S A T U R A T I O N 

bJ 

CURRENT 

P O T E N T I A L D I F F E R E N C E 

F I G . 1. IONIC AND SATURATION C U R R E N T 



i = e(nfa + )F. (1) 

The expression 
> = eO^k, * n 2k 2 ) (2) 

i s called the specific conductivity or the t o t a l conductivity of the 

ai r . The quantity ̂  may also be considered as consisting of two terms, 
^, and such that 

"> = "X, +">,» "X, = "H^ , * ) ^ = e n 2 k 2 

"X,and "X^are called, respectively t the polar positive and negative 
conductivities. 
Should the a i r also contain other types of ions having different 

mobilities, the expressions for each of the components of. conductivity 
would contain a sum of terms l i k e nk. 

As long as (1) i s f u l f i l l e d the current density i s proportional 

to the applied potential difference; i.e. Ohm's law i s obeyed. I n 
FIG. (1) this i s represented by the i n i t i a l linear portion of the 
curve. As the potential i s s t i l l further increased mere and more ions 
w i l l be drawn to the electrodes i n unit time and a marked diminution 
i n the ionic concentration w i l l occur. The conductivity of the a i r 
w i l l accordingly f a l l , and so the current density w i l l no longer 
increase proportionally with the f i e l d strength, but more slowly. With 
a t i l l more potential between the electrodes a condition i s f i n a l l y 
reached i n which practically a l l the ions produced i n one second are 
drawn to the electrodes. The current i s then known as the saturation 
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current and i s characterised by the f a c t tha t f u r t h e r increase i n 

po t en t i a l produces no corresponding increase of current so long as 

no new f ac to r s a f f e c t i n g the ion iaa t ion come i n t o p lay . 

Measurements of atmospheric conduct iv i ty at ground l e v e l and 

at one metre above have been made at Kew by Watson, Scrase and Hogg 

and a t Glencree by P. J . Nolan. Watson (1929) used two Wilson 

universal electrometers one f l u s h w i t h the ground and the other 130 cm. 

above. His resu l t s showed the conduct iv i ty at ground l e v e l to be, on 

average, about 25$ mere than at one metre. Scrase (193*0 w i t h more 

improvements en Watson's method obtained approximately the same re su l t s . 

He a t t r i bu t ed the lower value of conduct iv i ty at the one metre l e v e l 

t o defects i n h i s experimental procedure, and expressed the b e l i e f 

that the conduct iv i ty at the two leve l s should be the same. Both 

Watson and Scrase measured the pos i t ive unipolar conduct iv i ty only. 

Hogg (1939b) made simultaneous measurements of both polar conduct iv i t ies 

at three heights between ground and one metre as w e l l as the pos i t ive 

unipolar conduct iv i ty at ground measured w i t h the Wilson apparatus. 

To invest igate the va r i a t i on of conduct iv i ty w i t h height he used an 

asp i ra t ion apparatus of the Gerdien type housed i n the Kew underground 

labora tory . A i r f rom the desired height was drawn through a v e r t i c a l 
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cardboard tube slipped over the outer electrode. To reduoe the disturbance 

of the ear th ' s f i e l d due t o the in t roduc t ion of the cardboard tube, the 

l a t t e r was surrounded at i t s entry point by a metal r i n g charged to a 

po ten t i a l appropriate t o i t s height as determined by the Wilson apparatus 

jus t before a conduct iv i ty observation. His r e su l t s show tha t : 

(a) the pos i t ive conduct iv i ty , decreases w i t h height , the decrease being 

r e l a t i v e l y rap id i n the lowest 25 cm., reaching about ha l f i t s i n i t i a l 

value at a height of one metre. 

(b) the negative conduct iv i ty , increases w i t h height r i s i n g f rom zero at 

the surface t o about equal to the pos i t ive conduct iv i ty at one metre. 

(c) the t o t a l conduct ivi ty remains approximately constant ever the whole 

range of height considered, being equal to the pos i t ive conduct iv i ty at 

ground l e v e l measured w i t h the Wilson apparatus. 

Nolan (1940) measured the pos i t ive conduct iv i ty at ground l e v e l 

using Wilson 1 s apparatus as w e l l as the t o t a l conduct iv i ty at one metre 

using an adaption of Gerdien's method. A i r at the one metre l e v e l was 

drawn through a hole i n the w a l l of the b u i l d i n g . Nolan found the t o t a l 

conductivi ty at one metre t o exceed that measured at the ground by the 

Wilson method by about 12$. To account f o r t h i s d i f ference he postulated 

an upward pos i t ive convection current due t o turbulence, the magnitude of 

which var ies , but which, on average, i s 12$ of the a i r earth current . 
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O1Donne1 (1952) using a portable apparatus of the Gerdien type 

measured both polar conduct iv i t ies at ground and at one metre above i t 
Hre 

from w i t h i n New York c i t y to 100 miles of i t . With^Gerdien apparatus 

hor izonta l , he arranged a r i g h t angled elbow of galvanised i r o n w i t h a 

long arm t o f i t over the end of the outer cy l inder . For observations at 

the one metre l e v e l the elbow was turned about the cyl inder axis t o a 

hor izonta l pos i t i on w i t h the intake one metre above ground. O'Donnel, 

however, s p e c i f i c a l l y mentions that the apparatus was always set up under 

the branches of large trees as a protec t ion f rom the f i e l d . His 

measurements show tha t : 

(a) the t o t a l conduct iv i t ies at ground l e v e l and at one metre above are 

not equal, the l a t t e r being generally greater by day, and less at n igh t . 

(b) the r a t i o s of polar conduct iv i t ies of one sign at ground l e v e l t o the 

corresponding values at one metre are net constant and the r a t i o of the 

t o t a l conduct iv i ty at ground to that, at one metre i s not constant. 

More recent ly Law (1963) working i n Cambridge used an Ebert Counter 

t o measure the small i on concentration at three heights between ground and 

150 can. above i t . He also made simultaneous measurements of space charge 

and po ten t i a l gradient at one metre. A i r was drawn from the required 

height through a f l e x i b l e tube. His resu l t s show that the conduct iv i ty 

decreases w i t h height under most condit ions. He concluded that t h i s i s 

incompatible w i t h a conduction, current constant w i t h height and so he 
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implied the existence of a convection current comperable w i t h the 

conduction current . 

THE ELECTRODE EFFECT 

Consider a v e r t i c a l cyl inder of pe r f ec t l y s t i l l a i r of un i t cross 

section extending from the ground to one metre above i t . Let F and F^ 

be the po ten t i a l gradients, ~X ( and be the pos i t ive conduct iv i t ies , ' X j . 

and'Xjij be the negative conduct iv i t ies at the top and bo t tom^ respect ively , 

of t h i s cy l inder . I n the normal f i n e -weather pos i t ive po t en t i a l gradient 

i n the atmosphere, pos i t ive ions move downwards i n the f i e l d while negative 

ions move upwards. At the ground there can be no conduction current due 

to negative ions unless these come out of the ground i t s e l f . The i o n i c 

conduction current across the top of the column w i l l be F/^, downwards, and 

F"^xupwards, i . e . each second, a pos i t ive charge F"X, enters the column and 

a negative charge leaves i t . At the ground there' i s only a downward 

f low of pos i t ive ions, carrying away a postive: charge F - 'X, . • The 

cylinder as a whole thus loses a pos i t ive charge ( F g ^ i j . ~ ?"X|) 1Per 

second, and a negative charge F'Xj. per second. This i s equivalent t o a 

development of a pos i t ive space charge at a rate per second of 

p > . ) = nx+•>..) - f ^ 
This i s known as the "electrode e f f e c t " . The existence of t h i s space 

a, 

charge should decrease F and should cease only when F has such^value that 

as many negative^ as posi t ive ions leave the cyl inder i n each second, 
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i . e . when 

P ( > l + " X x ) * F j ^ i * (3) 

Measurements en Lake Constance made by Muhleisen (196*1) have shown that 

the po t en t i a l gradient was greater on the surface of the lake and kept 

decreasing up to a height of about 10 metres, as would be expected from 

the electrode e f f e c t . 

Calculations have shown tha t due to the electrode e f f e c t the 

po ten t i a l gradient at the ground should be about 30$ greater than that 

at one metre. Actual measurements, e .g . Scrase (1935), have shown that 

the po t en t i a l gradient remains p r a c t i c a l l y unchanged over the f i r s t few 

metres above the ground. Space charge measurements near the ground show 

a space charge density i n s u f f i c i e n t to account f o r any s i g n i f i c a n t 

v a r i a t i o n of the po t en t i a l gradient between ground and one metre above. 

The discrepancy seems t o have been resolved by the suggestion o r i g i n a l l y 

put forward by Hogg and worked out i n more d e t a i l by Chalmers. Hogg (1939b) 

has suggested that the rate of production of ions may be d i f f e r e n t at the 

surface and at one metre above. Chalmers (1946) assumed that the rate of 

ion i sa t ion at the ear th ' s surface, due to the o( and $ radia t ions from 

radioactive substances i n and very olose t o the ear th ' s surface, i s f i v e 

times that at one metre. He was thus able to show tha t a v a r i a t i o n of 

conduct iv i ty w i t h height as found p r a c t i c a l l y by Hogg can be reconciled, 

without the requirement of a space charge density s u f f i c i e n t l y large t o 

a l t e r the po t en t i a l gradient appreciably. 
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Ruhrike (19&2) i n an attempt t o work under conditions where 

interference f rom too many unknown fac to r s i s n e g l i g i b l e , resorted t o 

Greenland i ce cap. There the shielding of the natural radioact ive mater ia l 

i n the s o i l by a t h i ck layer of i ce and snow and the absence of condensation 

nuclei i n the a i r r e su l t in a very stable conduct ivi ty i n f a i r weather. 

Measurement of conduct iv i ty under these i dea l conditions has shewn a 

pronounced electrode e f f e c t near the ground. Ruhrike, however, reported 

that the negative polar conduct iv i ty had i t s minimum value i n completely 

calm a i r and increased to almost the f u l l value of the pos i t ive polar 
-1 

conduct iv i ty w i t h wind speeds of 2 m.sec. or greater. No explanation 

was given f o r t h i s . 

THE PRESENT INVESTIGATION 

Of the measurements mentioned those of Hogg are by f a r the most 

important. This i s because the use of the underground laboratory made i t 

possible to work under conditions which approximate very w e l l t o i n f i n i t e 

plane condi t ions. Also the maintenance of the top of the cardboard tube 

at the approximate po ten t i a l of the surroundings was a b i g improvement. 

However, as used by Hogg i t s t i l l introduces a source of e r ror because 

the po ten t i a l gradient may vary considerably during a chosen i n t e r v a l . 

O'Donnel's r e su l t s do not confirm the f ind ings of Hogg. Chalmers 

f l953) has shown that the discrepancy i s due to the d i f f e r e n t conditions 
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I n which* the two sets of measurements were made. Hogg by working i n an 

exposed s i t e measured the change i n conduct iv i ty caused by the v e r t i c a l 

po ten t ia l gradient and the v e r t i c a l current . 0'Donne1 by working under 

the branches of large trees rendered the po ten t i a l gradient and the current 

to be absent. t)1 Donne 1 also pointed out tha t the use of the r i g h t angled 

elbow did not cause any loss of ions by d i f f u s i o n to the w a l l s . A 

prel iminary inves t iga t ion by the author showed that the use of a r i g h t 

angled elbdw caused the loss of 15$ t o of ions of e i the r sign, 

depending on the rate of f l o w . 

The object of the present inves t iga t ion i s to use present day 

techniques and h igh ly accurate equipment to undertake a s imi la r i nves t iga t ion 

of the v a r i a t i o n of conduct iv i ty w i t h height i n the lowest metre of the 

atmosphere, as a f u r t h e r con t r ibu t ion to the understanding of the conduction 

i n that reg ion . To t h i s end i t i s hoped to resolve such disagreements as 

the one which the measurements of Hogg and Law seem to b r ing out . The 

pro jec t was also embarked on wi th the i n t e n t i o n of comparing simultaneous 

measurements of the f i n e weather conduction current i n the lowest metre of 

the atmosphere made by two methods : ( i ) i n d i r e c t l y , as the product of the 

conduct ivi ty and the po t en t i a l gradient, which the present inves t iga t ion 

would provide ( i i ) d i r e c t l y , by measuring the pos i t ive and negative 

components of the current, which i s now the subject of an inves t iga t ion 

by a f e l l ow research student working en the same s i t e . Such a comparison 

can give valuable informat ion on the part played by convection. 
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CHAPTER H I 

T H E A P P A R A T U S 

THE CONDUCTIVITY CHAMBER 

Atmospheric conduct ivi ty i s generally measured using a modified 

arrangement of an instrument f i r s t used by Gerdien (1905). This consists 

of a c y l i n d r i c a l tube having inside i t a small coaxial rod, thus forming 

an open ended c y l i n d r i c a l condenser. A po ten t i a l d i f ference i s applied 

between the outer tube and the inner r od . I f a i r i s drawn through the 

tube, ions i n the a i r stream w i l l be deflected towards the inner red or 

outer tube depending on t h e i r sign, under the influence of the f i e l d 

produced by the applied voltage. The current produced by the ions co l l c t ed 

at the inner . rod can then be measured. 

For the purpose of the present i nves t iga t ion two conduct iv i ty 

chambers were required and were made to be as i d e n t i c a l as mechanically 

possible. Each chamber consists of a brass tube 2|X-" ( inside diameter), 

14" long . The inner rod , also made of brass, i s 5 / l6" diameter, 10" long . 

This i s held coaxia l ly to the tube by a supporting brass rod, 3/8" diameter 

whiifch i s insulated from the tube by a 1" polytet raf luoroethylene (P.T.F.E)} 

insu la tor ( F i g . 2 ) . The rod, support and tube are a l l h ighly polished t o 

avoid e f f e c t s due to contact po ten t i a l s . The chamber i s enclosed inside an 

earthed aluminium box which aots as a screen. 
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A po ten t i a l of the required sign i s appl ied. to the outer tube while 
12 

the inner rod i s connected to earth through a 10 ohm res i s to r i n the head 

un i t of an Ekco v i b r a t i n g reed electrometer. The current due t o the charge 

a r r i v i n g at the centra l red f lows through the r e s i s to r developing a voltage 

s ignal . This voltage i s converted t o A.C. by means of a v i b r a t i n g reed 

then b u i l t up t o suitable strength by an A.C. a m p l i f i e r . A r e c t i f i e r then 

changes the ampl i f ied s ignal back to D.C. and the l a t t e r i s measured on a 

panel meter cal ibrated to indicate the D.C. voltage at the i npu t . An output 

current of 1 raA. corresponding t o a f u l l Bcale de f l ec t i on on any of the 

four range8 provided i n the electrometer, allows the use of a suitable 

recorder, i n t h i s case a multichannel pen recorder. F i g . (3) shows a 

schematic representation of the conduct ivi ty measuring arrangement. I f 

the outer tube i s maintained-at a pos i t ive p o t e n t i a l , pos i t ive ions w i l l be 

accelerated to the cent ra l rod while negative ions w i l l be forced away f rom 

the rod . Consequently, only ions of one sign are collected ( i n t h i s example 

pos i t ive i o n s ) . 

Swann (1914) has shown that the a i r f low through the condenser i s 

related t o the voltage E measured w i t h the electrometer by: 

E = RCVA v o l t s (4 ) 

where: C farads i s the measured capacity of the condenser 

V v o l t s i s the applied voltage 
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R ohms i s the high resistance i n series w i t h the centra l rod 

*\ - 1 - 1 
A ohm .m. i s the unipolar conduct iv i ty of the a i r 
£ f a r a d , m. i s the p e r m i t t i v i t y of the a i r 

or > = B^e, 
HCV 

i . e . ^ i s proport ional to the current i = E/R through the centra l rod . 

Thus 
\ = £»i * A 

727 ohm.'mT (5) 

For t h i s equation to be applied t o an instrument capable of measuring 

conduct iv i ty , the value of the applied voltage, V, must be less than that 

which produces saturat ion of the chamber to ensure working on the Ohmic 

por t ion of the voltage - current curve ( F i g . 1 ) . I f t h i s condit ion i s not 

s a t i s f i e d the instrument w i l l f unc t i on as an i o n counter instead of a 

conduct ivi ty chamber. The saturation voltage, Vs, can be worked out by 

equating the current, i , t o the f low of ions through the tube, thus: 

i = Wne 

where: n i s the number of ions per cubic metre 
3 -1 

W i s the rate of f l ow i n m.sec. 

Equation (5) now becomes Wne 
CV 

but ~X = nek 

where k i s the m o b i l i t y of the ions , of pa r t i cu l a r charge sign being 

col lec ted . 
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Ck 

The capacity of the c y l i n d r i c a l condenser can he seen to be of enough 

importance t o j u s t i f y i t s measurement accurately. The d i f f i c u l t y here i s 

presented by the f a c t that the **|fi»T.fo"*0 red co l l ec t s some of the ions and so 

the e f f e c t i v e capacity of the system ac tua l ly exposed to the a i r f l ew has 

to be determined. This i s not easy to ca lcula te . Smith (1953$ has 

described a method f o r measuring t h i s quant i ty . The e f f e c t i v e capacity, C, 

consists of the oapacity, C-j, of the f u l l y exposed central rod and the 

capacity, C^, of the p a r t i a l l y exposed supporting rod . i s determined 

by taking the d i f ference between two measurements: the t o t a l capacity w i t h 

and without the cen t ra l rod . Under conditions of constant conduct iv i ty , 

two conduct iv i ty readings are then made t o f i n d the e f f e c t i v e part of C2» 

Let i ^ be the reading w i t h the cent ra l rod and i ' the reading without the 

centra l rod , Then the e f f e c t i v e part of C 2

 i s 8 i v e n D V 

Henoe C = c i + C 2 - C i 

*1 " i 2 

The capacity W a B measured as.described above using an accurate Wayne 

Karr Universal Bridge and the e f f e c t i v e oapacity worked out to be 8.51 pF. 

The measured capacities f o r both chambers agreed to w i t h i n 1$. Thus w i t h 
-3 3 -1 

a f l ow rate of 260 cubic f e e t per hour (2,0k x 10 m. sec. ) , a 
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c o l l e c t i n g po t en t i a l of 7 v o l t s , the fas tes t i on completely caught would 
- i . 2 - 1 - 1 

have a l i m i t i n g m o b i l i t y of J x 10 m . v . s e o . 

THE FIELD MILL 

I n order t o obtain a continuous measurement of the po t en t i a l gradient 

a f i e l d m i l l was decided to be used, mainly because of the considerable 

experience which the Durham research group has had w i t h the instrument. 

I n the f i e l d m i l l a f i x e d vane - cal led the stater - i s a l t e rna te ly 

exposed t o and shielded from the l i n e s of force by an i d e n t i c a l earthed 

ro t a t i ng vane - cal led the r o t o r - . The h igh ly insulated stator i s 

connected t o earth through a high resistance. As a r e su l t of the al ternate 

covering and uncovering of the s ta tor a charge proport ional t o the po ten t i a l 

gradient i s altemateiky bound and released on i t , g iv ing r i s e t o an 

a l te rnat ing current through the high resistance. I n the case of the 

quadrant type of vane usually used, the a l t e rna t ing po t en t i a l has a 

t r iangular wave form and a frequency f o u r times that of the ro t a t i on of 

the r o t o r . This can be ampl i f i ed , r e c t i f i e d and measured. However, the 

a l te rna t ing nature of the f i e l d m i l l output makes i t impossible to ascertain 

the sign of the p o t e n t i a l gradient measured. For the determination of t h i s 

various methods have been used. 
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THE HEAD UNIT 

This contains the earthed r o t o r and insulated s ta tor , the e l e c t r i c 

motor f o r d r i v i n g the r o t o r , a cathode fo l l ower t o enable a long cable 

to be used to carry the s ignal t o the amp l i f i e r and a power supply f o r 

the cathode f o l l o w e r . 

The design of the head un i t had to be planned i n such a way as t o 

make the i n t e r i o r as accessible as possible t o f a c i l i t a t e easy maintenance 

and checking i n case of any break down. To achieve t h i s the framework 

was constructed of angle iron'welded together and completely covered w i t h 

detachable aluminium sheets. 

The stator and ro to r i n the shape of a cross ( F i g . 4 ) were cut 

from brass and chromium plated to prevent corrosion and contact po t en t i a l s . 

The stator was mounted on fou r polystyrene insula tors , f " diameter and 1" 

long, w i t h an earthed guard r i n g round i t t o minimise the chances of 

picking up any spurious s ignals . The r o t o r , f i r m l y attached to the shaf t 

of a mains operated, 3000 revolut ions per minute synchronous motor was 5mm. 

above the s ta tor and coaxial w i t h i t . A spring leaded carbon brush seated 

i n a copper block bolted t o the case of' the m i l l , made contact w i t h the 

motor sha f t , thus forming the earthing device. The stator was connected to 

earth by screened cable, through the p a r a l l e l combination of a 10^ ohm 

res i s to r and a 100 pF capacitor. 
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I n order to match the high input impedance of the stator to the low 

output impedance provided by the cable carrying the signal to the 

amplifier indoors the'alternating voltage across the resistor was fed 

di rec t ly to the grid of a cathode follower (Fig. 5) using screened cable. 

The Mullard EF86 valve was used f o r th is purpose due to i t s good 

antindcrophonic properties, while vibration was avoided by mounting the 

valve on rubber foam. The heater voltage and H.T. f o r the cathode follower 

were provided by a transformer and metal r e c t i f i e r . A "humdinger11 was 

connected across the heater supply. This consisted of a 100 ohm 

potentiometer, the slider of which was earthed. Then adjusted, the hum 

induced from the valve heater supply was reduced to a negligible proportion 

Mains pick up was eliminated by screening the cathode felloiger from i t s 

power pack and the motor from both. The cables used were a screened three 

core mains cable and a 60 yards length of coaxial cable to carry the 

signal from the head unit to the. amplifier. 

THE FIELD MILL AMPLIFIER 

This was required to amplify the signal from the f i e l d m i l l so that 

i t can be recorded on a 1 mA. pen recorder. Owing to the low f i e ld s to be 

encountered during f ine weather a three stage R-C coupled amplifier was 

used (Fig. 6) . The valves used i n a l l three stages were low noise pentode 

valves EF86, while the output stage was a cathode follower valve ECC81. 

Negative feedback was applied through the. cathode resistors of a l l the 
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valves and across the resistors joining the anodes of the f i r s t three 

valves. . Mains pick up was almost completely got r i d of by the use of a 

special mains f i l t e r c i rcui t (Fig. 6) at the input of the amplifier. A l l 

the precautions mentioned resulted i n a pifck up level of 0.5 mV as 

measured on the cathode ray oscillograph. The overall voltage amplification 

was 1000. A crystal diode 0C71 was used to r e c t i f y the current. 

THE POffER SUPPLY 

A conventional c i rcui t (Fig. 7 ) was used as a power supply f o r the 

amplifier. Neon valves VH105 and VR150 were used f o r stabil isation purposes. 

The output of 250 volts at 25 mA. thus remained constant as the mains 

voltage was varied between 200 and 280 vol ts . 

SIGN DISGRIMINATIGW ' 

As already mentioned the f i e l d m i l l output can not indicate the sign 

of the potential gradient measured. For the purpose of the present 

investigation i t was decided to determine the sign of the f i e l d by a zero 

displacement method as th is could easily be backed of f i n the continuous 

balance c i roui t used fo r giving the correct potential of the surroundings. 

This was done by applying a known potential on a plate, held one inch above 

the rotor. The potential on the plate of 30 volts was big enough to make 

the effect of any contact'potentials negligible and could enable negative 
-1 

f i e lds of -200 v.m. to be detected. I t i s to be mentioned here that since 
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measurements were taken In f ine weather, negative f i e l d s were not expected 

to be encountered, except perhaps i n the re la t ive ly few occasions when 

such negative f i e ld s do prevail i n perfect cloudless days due to such things 

as pylonB as found by Chalmers (1952), etc. Besides i t would be very 

unreliable to look at the sky and decide whether the potential gradient 

was positive or negative. Hence the zero was not displaced very much as 

i t i s usual by th is method to displace the zero by the amount corresponding 

to the largest negative potential gradient value te be measured. 

THE POTENTIAL BALANCING SERVQ MECHANISM 

The instrument used f o r th is purpose i s the continuous balance unit 

of a Honeywell Brown Electronics chart recorder. I n i t s original form the 

balancing system continuously compares an input emf generated by a 

thermocouple, or.other D.C. source, to an emf of known value supplied by 

the instrument. This i s accomplished by a potentiometer method whereby the 

thermocouple voltage i s measured against the slide wire voltage, which i s 

maintained constant by a zener diode regulator uni t . Any difference 

between the thermocouple voltage and the potentiometer slide i s converted 

into A.C. by a vibrating reed and then amplified, f i r s t i n voltage and 

then i n power. This amplified output actuates a servo motor which drive? 

the slide to the correct potential . 

The conversion of any unbalanced D.C. voltage to an alternating 
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voltage of proportional magnitude i s accomplished by a converter and a 

specially designed input transformer. The converter i s essentially a f l a t 

metal reed which i s made to oscillate between two contacts connected to 

the opposite ends of the primary winding on the input transformer, by the 
• 

action of the combined f i e lds of a permanent magnet and. a c o i l energized 

by l ine voltage (Fig. 8 ) . When the c o i l i s energized, the t i p of the reed 
i s polarised alternately N and S at l i ne fequency. The reed i s attracted 
to the magnet pole of opposite polar i ty . Consequently, the reed oscillates 
in synchronism with th i s l ine frequency. The unbalanced D.C. i s impressed 
across the converter and the centre tap of the primary winding on the 
input transformer. Thus, as the. vibrating reed moves from one contact . 
to the other,' any unbalanced D.C. voltage w i l l cause.direct current to flow 
f i r s t i n one direction through' one half of the primary winding, then i n 
the opposite direction through the other half of the primary winding. This 

action generates .an alternating f l u x i n the input transformer core whtffch 

i n turn induces an alternating voltage on the transformer secondary. The 

alternating voltage thus created i s timed with the A.C. supply voltage i n 

such a way that a change i n the thermocouple D.C. voltage operates the 

balancing motor i n the proper direction to balance the c i r c u i t . 

The balancing motor i s a reversible, two phase induction motor, one 

phase of which i s continuously energized by l ine voltage and the other by 

the amplified voltage; the direction of rotation of the motor thus depends 

on the phase relationship or timing of the two motor supply voltages. 
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The sensi t ivi ty of the amplifier can be varied, the motor" responding to a 

minimum change i n input of 0.03 mV at maximum sensi t iv i ty . The slide 

travels from one end of the wire to the other i n 12 seconds. 

For the balancing system to be of any use i n maintaining the 

potential of the surroundings i n the atmosphere during f ine weather, the 

voltage across the slide wire must be of the order of a few hundred times 

that or ig ina l ly applied by the makers. This would mean that the original 

slide wire would not be able to carry the high current drawn from the high 

tension supply and so i t must be replaced by one of high enough resistance. 

Unfortunately no wire of such a high resistance and of the desired length 

could be obtained. The problem was f i r s t tackled by Smiddy and Chalmers 

(1958) who wanted the instrument to balance continuously the outputs from 

a double f i e l d m i l l and thus bring and keep the m i l l at the potential of 

the surroundings. To do this the original slide wire supplied with the 

instrument had to be replaced by a composite resistance constructed on a 

tufnol s t r ip f i t t i n g i n the recorder i n place of the wire. This consisted 

of 101, 10 B.A. bolts separated from one another by a gap of 1/64" so that 

the slide can move smoothly over the bolt heads. This made i t impossible 

to hold the bolts i n position by means of nuts and so the holes f o r the 

bolts i n the tufnol s t r ip were accurately d r i l l ed and tapped. To the 

reverse side of the bolt heads 100, 10,000 ohms resistors were carefully 

soldered i n series. In operation, 3 of the oontacts at one end and 4 at 
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the ether had to be sorted out to' bring the pen zero and f u l l scale i n 

coincidence with zero and maximum voltage. Thus the wire had an effect ive 

resistance of 930,000 ohms. 

For Smiddy's purpose i t was then just a matter of feeding the two 
i 

outputs of his double f i e l d m i l l in to the input terminals A and B (Fig. 8) 

of the continuous balance un i t . For the purpose of the present invest igat i 

the output of a f i e l d m i l l at ground level i s required to be fed into the 

continuous balance unit such that the potential of the surroundings can be 

maintained continuously at the correct value, at any of two heights above 

the ground - namely 20 cm. and 100 cm. The use of a f i e l d m i l l at ground 

level fo r th is purpose i s j u s t i f i e d by the many measurements made by 

previous workers showing that the f i e l d v i l f c remains pract ical ly constant 

i n the lowest few metres above the ground. This was achieved by feeding 

the f i e l d m i l l output at terminal A and comparing i t with a very small 

f rac t ion of the slider voltage fed at B as shown i n Fig. (8) . The 7011 

ohms resistor had to be included so that the l inea r i ty of the composite 

resistance i s not affected. The nmnH tapping resistance i t s e l f i s a 

variable one to f a c i l i t a t e the accurate adjustment of the slider voltage 

to that appropriate f o r the height required. The 4mfd capacitor across 

the input at A was found necessary to f i l t e r out any stray A.C. from the 

f i e l d m i l l amplifier to which the continuous balance c i rcu i t i s very 

sensitive. The method of sign discrimination used i n the f i e l d m i l l , 
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already described on page 25, displaces the zero by a certain amount. This 

was backed o f f at A by a suitable external potentiometer c i r c u i t . 

THE GAS METERS 

For the measurement of the rate of flow of a i r throughAoonductivity 

chambers, two gas meters (one fo r each chamber) were purchased from the 

Northern Gas Board. The capacity of each meter i s 400 cubic feet per hour 

and the accuracy claimed by the Beard i s 0.5 %• As these were connected 

to the conductivity chambers i n the f i e l d some 60 yards away from the 

recording room i t was found convenient to monitor their reading i n such a 

way that a check of the flow rate could be made indoors. This was 

achieved by making the rotating arm of the gas meter dose a microswitch 

especially f i t t e d i n the gas meter. The microswitch i t s e l f was part of a 

series c i rcu i t consisting of a 12V supply and a lamp indoors. This resulted 

i n 5 flashes of the lamp f o r every two cubic feet of a i r sucked through, 

which could be accurately timed with a stop watch. 

THE SUCTION FAN 

The suction fan was a "Hoover Constellation" mains operated motor 

and fan assembled by Hoover Ltd. This was then encased i n a brass cylinder 

with a 1" intake and a 1" exhaust. A "T" shaped adaptor connected by 1" 

rubber tubing to both chambers enabled the fan to suck a i r through both. 



31. 

The capacity of the fan (53 cubic feet per minute) was too great f o r the 

rate of flow required and so i t was run at the reduced Voltage of 50V while 

f ine r adjustment was made by manipulating jubilee clips placed round the 

rubber tubes joining the fan to the gas meters. 

RECORDING 

The early part of the work, mainly during the time of testing the 

apparatus, was reoorded photographically. This was done by ref lect ing the 

l i g h t from c r i t i c a l l y damped galvanometers on to the s l i t of a slew 

rotating drum camera carrying 120 mm. sensitised paper. A "fogging lamp11 

was placed i n f ront of the camera and was switched of f fo r 3 seconds every 

half minute by a suitable cam rotated by a synchronous clock motor. This 

has the effect of giving a grey background en which white l ines are produced 

by marks scratched en the camera lens. These white lines enable deflections 

caused by movement of the l i gh t to be measured accurately. The marks on 

the lens are usually arranged to give lines 1mm. apart when the "fogging 

lamp" i s 50 cm. from the paper i n the camera. As a result of the "fogging 

lamp" also, white l ines are produced on the f i l m at half minute intervals 

and these act as a time scale. 

Fortunately, by the time the apparatus was ready f o r taking 

measurements on the site a pen recorder used by a fellow research student 

became available and was taken over by the author. This was a four channel 
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pen recorder manufactured by Everett Edgcumbe and Co. Ltd . I t consisted 

of four ent i rely independent pen units wri t ing on a char& driven by a mains 

operated synchronous motor. Each unit was essentially a moving c o i l , D.C. 

milliammeter, of high sensi t ivi ty , having a f u l l scale deflection of 1 mA. 

The galvanometer response time i s 0.5 seconds. 

THE INSTRUMENT PANEL 

The vibrating reed electrometer indicator units, f i e l d m i l l amplifier 

and power pack, gas meter monitor l i g h t bulbs, pen recorder and a plug 

board were a l l mounted on a 16" steel rack as shown (Fig. 9 ) . To the r ight 

of the rack can be seen the Honeywell Brown recorder, the continuous 

balance unit of which was used to maintain the potential of the surroundings 

as already described. 
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C H A P T E R IV 

INSTALLATION. PERFORMANCE AND CALIBRATION 

THE SITE 

The aite chosen fo r the investigation was a f i e l d near Durham 

University Observatory. The Observatory building stands on a h i l l 120 

metres above sea level and about one kilometer to the west of Durham City . 

I t i s surrounded, f o r the most part, by agricultural land and i s wel l away 

from large sources of atmospheric pol lut ion. About 30 yards due west of 

the building i s a large f i e l d where instruments fo r the investigation of 

atmospheric electr ic parameters are usually erected. 

THE CONDUCTIVITY CHAMBERS PIT 

At a distance of 30 yards from the edge of the f i e l d nearest to the 

Observatory building a p i t 7' x 5* x 4* was dug to house the two 

conductivity chambers, gas meters and suction fan . The four walls of the 

p i t were brick lined and plastered with cement. Underneath the f l ee r to 

a depth of two feet a sand bed was made before i t waB f i n a l l y concreted. 

This was done to stop any moisture reaching the f l o o r . At the appropriate 

height above the f l oo r a concrete shelf 15" x 15" was made en which the 

suction fan was placed. Immediately behind the shelf a lead pipe 1" i n 

diameter carried the exhaust through the p i t wal l 20 yards behind. A 

short length of rubber tubing at the end «f the exhaust pipe enabled the 

exhaust to be always downwind, thus ensuring that the a i r expelled would 
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not re-enter the conductivity chambers. On either aide of the p i t a 4 f t . 
320 watts tubular heater was mounted on the floor. This was found 
necessary to keep away any moisture which otherwise might cause an insula
tion breakdown i n the high insulation circuitory of tha vibrating reed 
electrometer head units or the conductivity chambers. Cables were run from 
the Observatory, to the edge of the f i e l d through a concrete duct and from 
there to the p i t they lay on "T" shaped "handy angle" carriers. These 
would stop them being overgrown or accidentally cut when the f i e l d was 
mown. The "handy angle" carriers rose about 10" above ground, the nearest 
one to the p i t being 10 f t . away, and so did not cause any serious 
distortion of the lines of force. The cables were led into the p i t through 
a 4" 'L' shaped glazed pipe, the l a t t e r being t i g h t l y closed with a wooden 
l i d to stop any precipitation from entering the p i t . 

The two conductivity chambers and their electrometer head units were 
fixed side by side on to a wooden b'oird, with their intakes 8" apart. The 
whole board was. then firmly fixed to a vertical "handy angle" frame 
concreted to the centre of the floor such that the two intakes were vertical 
and flush with the ground. Connection to the gas meters and the suction 
fan behind was then made with 1" rubber tubing. Fig. (10) i s a photograph 
showing the inside of the open p i t and the carboard tubes when the p i t i s 
closed. The p i t was covered with two wooden hinged cellar type doors. 
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At the appropriate places two. circular holes 2^'-'' diameter were cut into 
the doors to enable the introduction of cardboard tubes over the 
conductivity chambers intakes so that the required sign of conductivity 
could be measured at the required height. When not i n use, the conductivity 
intake tubes were covered with aluminium tins and the wooden doors were 
closed. As a further precaution against any precipitation entering the 
p i t through the doors, a large waterproof tarpaulin cover 12* x 8' hinged 
at the corners covered the whole p i t as well as the 4" glazed pipe admitting 
the cables into the p i t . The arrangement proved to be extremely effective. 

THE FIEED MILL PIT 
As the potential gradient was required to be measured at ground lev4l, 

a concrete p i t 18" x 18'*' x 16" was made V yards from the nearest 
conductivity chamber and due south of i t . A small "handy angle" frame 
concreted to the floor of the p i t enabled the f i e l d m i l l to be firmly fixed 
i n position on a shelf with the rotor almost flush with the ground. A 
mains cable was led into the p i t from the conductivity chambers p i t nearby. 
This was required for running the motor and supplying power and heater 
voltage to the cathode follower within the m i l l . A 75 watts 240V A.C. 
light bulb enclosed i n a small earthed aluminium box with a number of 4 B.A. 
clearance holes a l l round i t , was fixed to the central "handy angle" frame. 

This provided enough heat to keep the surfaces of the polystyrene 
insulators supporting the stater, free from moisture and therefore maintain 
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i t s high insulation properties. An earthed aluminium sheet level with the 
ground covered the p i t and a central hole i n i t exposed the rotor to the 
ambient potential gradient (Fig. 11). When net i n use a large aluminium 
sheet covered the whole p i t and thus kept a l l precipitation from entering 
i t . A coaxial cable from the m i l l carried the signal to the amplifier 
indoors. 

THE CONDUCTIVITY. CHAMBERS 
Since the two chambers were to be used i n comparing conductivities 

of opposite signs at the same level or those of the same sign at different 
levels, i t was necessary to make .sure that under identical conditions both 
gave the same reading for the same sign of conductivity measured. Tests 
i n the laboratory, f i r s t near a window and later near a door, have shown 
differencies as high as 6%. This was very surprising because the measured 
capacities agreed to within \$. I t was therefore decided that this might 
have been due €e turbulence i n the a i r inside the laboratory and so the 
experiment was repeated with both chambers - intakes 8"'apart - on a f i e l d 
nearby. Agreement to \% was then found as well as an extremely high 
correlation. 

The necessity of the chambers to be i n a p i t underground made i t 
obvious that the smaller the p i t the less expensive i t would cost to make, 
and the more efficient i t would be to keep i t dry and clean. With this i n 
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mind i t was at f i r s t envisaged that the chambers could be mounted 
horizontally with right angled elbows at the intakes. I t was feared that 
the arrangement might re stilt i n the loss ef ions of both signs due to 
turbulence i n the bend. To test t h i s , one chamber was f i t t e d with a right 
angled elbow and the other was l e f t without an elbow, but adjusted so that 
i t s intake was at the same level and 8" away from the elbow intake. With 
conditions otherwise identical, the reading from the chamber with the elbow 
was as much as 25% lower than that without. The experiment was repeated 
many times using different rates of flow but i n no case was the difference 
between the two less than'-l5& I t has been suggested that the loss ef ions 
could be very much reduced i f the vertical end of the elbow had a funnel 
shaped intake. This when tri e d showed a slight improvement and i t was then 
thought that perhaps the diameter of the funnel as well as i t s height were 
c r i t i c a l . So the decision was made to mount the chambers vertically i n a 
big p i t rather than indulge i n t r i a l and error ..experiments In aerodynamics. 

A further possible error found necessary to investigate was the 
absorbtion or combination of ions i n their passage along the ca^oard tube. 
This was done by slipping a cardboard tube one metre long over one chamber 
and raising the other one so that i t s intake was level with the top of the 
intake tube. The potential at both intakes was maintained at the correct 
value of the surroundings. Then the conductivity of one sign was measured. 
The experiment was repeated many timea and again carried out a number of 
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times for the conductivity of the other sign. Results showed that for both 

positive and negative ions differencies i n the readings of both chambers 
never exceeded I t was therefore decided that no correction was 
necessary on account of the cardboard tube. 

THE FIELD MTTiL 

No snags were encountered with the f i e l d m i l l and i t s performance 

was very satisfactory. Calibration was made i n si t u by applying known 
potentials to an insulated calibration plate held 50 cm. above the rotor. 
The calibration plate area of one square metre was big enough for any edge 
effects to matter. Fig. (12) shews the calibration curve.' The f i e l d m i l l 
head unit i s sensitive to a l l electrostatic -fields including those set up 
within i t s e l f by contact potentials and accumulations of surface charge. 
Since these parameters can be quite variable and since the gain of the 
electronic amplifier can possibly vary, frequent checks of zero level and 
sensitivity are essential. These were generally made at the start of each 
recording and consisted of covering the m i l l with the insulated calibration 
plate which was f i r s t earthed and then raised to a known potential (usually 
the potential which gives rise to a half scale deflection on the f i e l d m i l l 
channel on the recorder). Any necessary adjustment was then made by the 
potentiometer by way of which the voltage i s applied to displace the zero 
asimeans of sign discrimination already described. 
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THE 1BIBRATTNG HEED EIECTRQMETERS 

Apart from infrequent insulation breakdowns due to dampness these 
instruments behaved satisfactorily. However, i n the early part of the 
work considerable trouble was encountered which was later traced to be due 
to piezoelectricity produced i n the cable joining the collecting rod i n the 
chamber to the input terminal of the head unit. This was overcome by 
soldering the ends of the two 'Plessey' plugs concerned to the two ends of 
a bent copper pipe 1/2" i n diameter, and passing an antimicrophon cable 
through i t . This provided a direct r i g i d connection and completely 
eliminated the trouble. 

In order to maintain a good zero s t a b i l i t y the manufacturers 
recommend that the instrument should be switched on for a£ .least 24 hours 
beforeAUsed. As measurements to be made could not possibly be ascertained 
24 hours i n advance, the instruments were l e f t switched en throughout the 
period of the investigation. The day to day zero s t a b i l i t y of better than 
42? mV claimed by the manufacturers was i n fact maintained and zero checks 
were only made at intervals of roughly once a week. 
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C H A P T E R V 
THE STATISTICAL PRINCIPLES INVOLVED 

The nature of the parameters involved i n this investigation i s such 
that a s t a t i s t i c a l analysis i s about the only logical way of dealing with 
them. Like a l l atmospheric electric parameters conditions can not be 
controlled at w i l l nor can they be reproduced accurately - or even 
approximately - for purposes of comparison. Furthermore the two parameters 
being measured - potential gradient and conductivity - vary from day to 
day and indeed from minute to minute. Hence the following brief survey 
of the general principles involved w i l l now be given. 

SAMPLE STATISTICS 
Sampling i s the selection of a proportion of the population to obtain 

information concerning the nature of that population. The primary task 
in embarking on a sampling inquiry i s to derive statistics which yield 
the information required about the population. Consequently the main 
line of endeavour i n such cases l i e s i n estimating with the greatest 
accuracy (which i s largely a matter of choosing the right statistics and 
minimising sampling v a r i a b i l i t y ) , or i n ensuring that sufficient material 
i s available to enable the requisite comparisons to be made with 
significance (which i s largely a' matter of sfi^ple size and selecting the 

most suitable tests of significance). Nothing can alter an existing 

B f t k p 
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population and theory w i l l , as a rule, only react on the sampling process 
by indicating, for example, that the sampling must be random. 

ESTIMATION AND CONFIDENCE LIMITS 
Statistics aim at estimating the value of a parameter i n the parent 

from the information given by the sample, provided that the sample i s 
drawn i n an unbiased manner. Let us consider what we mean by "estimation". 
We know, or assume as a working hypothesis, that the parent population i s 
distributed i n a form which would ̂completely determinate i f we knew the 
value of some parameter 0 » Given a sample of values x, , xx , x 3 , ... x, 
we require to determine, with the aid of the x's, a number which can be 
taken to be the value of 9 , or a range of numbers which can be taken to 
include that value. 

A single sample, considered by i t s e l f , may be rather improbable,. and 
any estimate based on i t may therefore d i f f e r considerably from the true 
value of Q . I t appears, therefore, that we cannot expect to fi n d any 
method of estimation which can be guaranteed to give us a close estimation 
of 0 on every occasion and for every sample. We must be content with 
formulating a rule whidsh w i l l be the best possible i n the sense that i t 
w i l l have a high probability ef being correct i n the long run. Thus we 
have to regard our method of estimation as generating a population of 
estimates and to assess i t s merits according to the properties of this 
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population. The formula used to make an estimate i s called the Estimator 
and the value reached by using the formula i s called the estimate. I n 
general the accuracy of an Estimator increases with the number of items 
i n the sample data. A good Estimator w i l l be unbiased and w i l l converge 
more and more closely ( i n the long run) on the true value as the sample 
size increases. 

Let us now consider the specification of the internal within which 
the true value being estimated may be said to l i e with a specified 
probability. This i s done by referring the distribution to the Normal 
Scale, where the probability of a deviation of up to one standard deviation 
on either side of the mean i s 68%. This means 'that the population mean 
can be taken to l i e i n the range of one standard deviation either way, 
the confidence i n this claim being expressed by saying that i n a long 
series of estimates of this kind, i f we were to use exactly the same sort 
of argument, we should expect to be correct 68$ of the time. I f we allow 
two standard deviations on either side of the mean then referring to the 
Normal Scale we find that i n this range the probability increases to 
95$ we could now hope to be correct i n 95 out of every 100 such 
predictions. Similarly with three standard deviations on either side the 
probability becomes 99.7$. The statisticiah can never be certain of the 
correctness of his estimate of a parameter or any other conclusion based 
on sample data. Any inference or conclusion based on sample data i s made 
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at a specified level of confidence, usually at the 95% level. 

TIME'SERIES 

A time series i s a series of values assumed by a variable at different 
points of time. Let us consider only cases where the Isariable i s 
univariate and. denote i t s value at time t by u.. The study of such series 
forms an important branch of statistics because the majority of types of 
time variation encountered i n practice are not of the regular functional 
type i n which u^ can be represented exactly by a mathematical function 
of t . They present i n some degree those irregularities of a random 
character which can only be discussed i n terms of probability. In general 
i t i s possible to observe a time variable at any instant, and thus the 
temporal intervals between successive members of the series need not be 
the same. Practice and theory alike, however, usually require the 
observations to oocur at regular intervals. I t must hot be overlooked 
that the method of determining the values of the series at fixed equal 
intervals of time may suppress evidence of oscillatory movements which 
have a period equal to those intervals or to some submuloiple of them. 
Sometimes, i n fact, i t i s known that oscillation exists i n a series, and 
the interval i s so chosen to exclude them from'consideration. 

A general survey of time series suggests that the typical time series 
may be regarded as composed of three parts: 
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(a) a trend, or long term movement 
(b) an oscillation about the trend of greater or less regularity 
(c) a random, irregular or unsystematic component. 

I t i s customary to regard the series as composed of these three elements 
superposed on one another. I n other words, the movement of the series 
i s considered as the sum of three different components which may be 
generated by different casual systems. Particular series, of course, need 
not exhibit them a l l and can be entirely one or the other. The primary 
problem of time series analysis from the s t a t i s t i c a l point of view i s to 
isolate the three parts for individual study. 

AUTOCORRELATION 
Having isolated the "trend" and "oscillation" factors, the series w i l l 

then be one which presents - i n general - fluctuations of a more or less 
regular kind. The question new arises as to whether the selection of one 
value from the population would bias the chances of any other for inclusion. 
I t w i l l now be required to determine the period ovep which observations 
must be combined to get a set of them which i s independent. This i s done 
by looking at the correlation coefficient of the record against i t s e l f with 
various time lags. Such a procedure i s oalled autocorrelation. The time 
lag interval necessary to give a correlation coefficient which i s 
insignificant at the 95% level i s known as the correlation length. Those 
values of the series which are separated by a time interval i n excess of the 
correlation length may be regarded as independent of one another. 
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C H A P T E R V I 
ANALYSIS AND DESCRIPTION OF RESULTS 

The following investigations were carried out i n f a i r weather conditions: 
(a) simultaneous measurement of the positive conductivity and the negative 

conductivity at ground level . 
(b) simultaneous measurement of the positive conductivity at ground level 

and the positive conductivity at ( i ) 20 cm., ( i i ) 100 cm., above the 
ground. 

(c) simultaneous measurement of the negative conductivity at ground level 
and the negative conductivity at ( i ) 20 cm., ( i i ) 100 cm., above the 
ground. 

I t i s to be noted that for the purpose of undergoing investigations 
(b) and (c) a i r from the appropriate level was sucked into one of the 
conductivity chambers through a vertioal cardboard tube of -that height 
ti g h t l y f i t t i n g the outer cylinder of the chamber. The introduction of 
the tube i n this manner would no doubt distort the lines of force. To 
correct for this the intake of the cardboard tube was surrounded by a 
narrow aluminium band continuously maintained at the right potential 
of the surroundings by u t i l i s i n g the output of a f i e l d m i l l at ground 
level and the continuous balance arrangement, already described (page 26 ). 



Since recording was always made i n f a i r weather conditions the period 
of continuous recording varied from one hour to four hours depending on 
the state of the weather. Records of duration less than an hour or so 
were rejected from the analysis i n order to satisfy certain s t a t i s t i c a l 
requirements. The records of conductivity and potential gradient were read, 
at minute intervals from the recording chart prior to analysing them i n 
the way to be described. 

THE COMPUTER PROGRAMME 
The nature of the data to be analysed i s such that the 'trend* and 

oscillation* factors, already mentioned as typical of many time series, 
can be ruled out. This being the case autocorrelation could be done. 
Owing to the tedious mathematical work involved i t was decided to make 
use of the University E l l i o t t 803 computer. The programme required would 
be one which would enable the correlation length to be determined. The 
value of the correlation length so determined w i l l have to be used to 
group the individual observations i n the record into groups with an interval 
equal to the correlation length. The mean value of each group would then 
have to be determined, giving i n effect one independent value i n that 
record of observations. Finally, the mean of a l l the independent values 
i s worked out. As two sets of data are usually investigated ( i . e . either 
the polar conductivities of the same sign at different heights, or the 
polar conductivities of opposite sign at the same level), the whole 



TABLE 1 
139 

LAQ R Z 

1 0-553 0.623 
2 4*370 0.388 
3 0*276 0*283 
4 0-299 0.308 
5 0-217 0-220 
6 0-003 0-003 
7 -0-174 -0-176 
8 -0-127 -0-128 
9 0-009 0-009 

10 -0.011 -0-011 
11 -0-094 -0-094 
12 -0-137 -0-138 
13 -0-136 -0-137 
14 -0-097 -0-097 
15 -0-141 -0 .142 
16 -0 .176 -0-178 
17 -0-150 TQ-j5-1 
18 -0-078 -0-078 
19 -0-109 -0 .110 
20 -0-110 -0-110 

95X LEVEL 
0« 167 
0« 
0-

1°2 168 
o. 169 
o. .169 
0-.170 
8: :ffl 
o. •172 
0< -173 
0< •173 
0< •174 
o. •175 
0 .175 
o. •176 . 
0< •177 
0-.177 
Q< .178 
0< , 1 7 9 

0-.180 

1 0-683 0-836 0-167 
2 0-500 0-549 0-167 
3 0.435 0-466 0-168 
4 0-350 0-365 0*169 
5 0.259 0-265 0.169 
6 0*089 0.083 0-170 
7 -0 .01B -0 .018 0.171 
8 -0.065 -0.065 0.171 
9 -0-010 -0-010 0-172 

10 -0-130 -0-131 0-173 
11 -0 -279 -0-2B7 0-173 
12 -0 -297 -0-306 0-174 
13 -0-271 -0 .278 0-175 
14 -0-299 -0-308 0-175 
15 -0-301 -0-311 0-176 
16 -0-278 -0-286 0-177 
17 -0-284 -0-293 0-177 
18 -0 .152 -O.I54 0.178 
19 -0-034 -0-034 0.179 
20 -0-055 -0-055 0-180 

ENO- 23 
66-500 51-167 
57-500 39-000 
52*000 29*500 
46*500 28.833 
52- 333 34-333 
50-333 35-500 
53- 500 37-667 
54.000 35'333 
47*000 31*167 
55*167 34*500 
59-000 36.833 
48.833 30-333 
51*833 30.333 
?4 .333 34-667 
32-333 

S.167 
53*833 

34.500 
28*333 
32*167 
36*000 

54*000 34*667 
54*667 36*167 
52*000 34*000 
56-167 36 .167 
53-333 35.506 

53.029 
34-638 $NORE DATA PLEASE 
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operation has to be repeated f o r the other set of data. 

At f i r s t i t appeared as i f two programmes would be required, one f o r 

working out the co r re l a t ion length and the other f o r working out the 

e f f e c t i v e observations. This would have meant pu t t i ng i n the same data 

twice . Then i t was rea l i sed that a l o t of computer time could be saved 

by combining the two programmes i n t o one w i t h a "data wa i t " i n s t r u c t i o n 

between them. (For actual programme see AppendixjQ. By having the output 

of the autocorrela t ion part of the programme on the t e l ep r in t e r the 

cor re la t ion length can be decided at a glance. This i s then punched out 

while the computer i s "wait ing" and fed i n as the necessary i n t e r v a l 

required f o r the second part of the programme f o r going through the same 

data and grouping them as w e l l as ca lcu la t ing t h e i r means. 

A t y p i c a l data sheet i s shown i n Table I which r e fe r s t o a record of 

pos i t ive and negative conduct iv i t ies measured at ground l e v e l . The number 
i 

(139) at the top i s the t o t a l number of observations (N) i n the record 

taken at one minute i n t e r v a l s . R i s the cor re la t ion c o e f f i c i e n t and Z i s 

a normalised value of R. The use of Z enables the cor re la t ion length to 

be decided immediately, without having t o r e f e r t o Tables as I s usual ly 

the case, because when the value of Z i s less than the corresponding value 

shown under the 95^ l e v e l column, then R ceases t o be s i g n i f i c a n t . Thus 

i n the example shown the cor re la t ion length i s 6. Feeding t h i s f i g u r e 



T-A .B-L E. 6 

POSITIVE CQNMJCTIYITY & NEGATIVE CONDUCTIVITY AT GROUND LEVEL 

N ENO 
wind 
speedy 

m.sec. 

wind 
d i r ec t i on Date 

76 25 1.52 2 S.E. 7.8.64 

113 10 1.33 6 N-N..W. 28.8164 

105 10 1.42 3 N.E. 31.8.64 

130 14 1.45 4 S.E. 1.9.64 

223 24 1.48 2 N.E.-N.W. 3.9.64 

139 23 1.53 1 N.W. 17.9.64 

147 29 1.43 4 N.W. 18.9,64 

74 37 1..35 6 B.W. 26.9.64 

99 14 1.36 5 S.W. 28.9,64 

59 19 1*34 5 W^N.W. 29.9.64 

122 30 1.33 7 S.W. -15,3.65 

65 10 1.56 1 S-S.E. 3.4.65 

OVERALL MEAN RATIO = 1 .43 



T A-.B. I E ft. 

NEGATIVE'. CONDUCTIVITY AT GROUND LEVEL & 

NEGATIVE CONDUCTIVITY AT 1 METRE ABOVE GROUND 

N ENO 
wiisd-

m,.se:cYT 

wind 
d i r e c t i o n Date 

150 37 1.35 2 S.W. 7.10.64 

1,68 33 1.27 6 S.W. 8.1.65 

152 50 1.28 7 N.W. 15.2.65 

62 31 1.21 8 s,w. 25.3.65 

134 22 1.29 5 S.W. 29.3.65 

117 3? 1.25 7.5 N.W.. 13,4.65 

106 17 1.31 3 N.W. 13.4.65 

126 24 1.55 8 N.W. 16.4.65 

OVERALL MEAN RATIO = 1.28 



T.A- B B.E & 

NEGATIVE CONDUCTIVITY AT GROUND LEVEL & 

NEGATIVE CONDUCTIVITY AT 20 cm. ABOVE GROUND 

- N ENO 
wind 
speedy 

m. sec". 

wind 
d i r e c t i o n Date 

t 

& i6 : 1.20 2 S..W. 3.5.65 

60 • 20 1.17 6 S.W. 4.5.65 

95 47 1.07 11 N.W. 5*5.65 

81 40 " 1.08 10 N.W. 6.5.65 

119 .29 1.19 3.5 S-S.W. 13.5.65 

.198 . W 1.12 8 N.W. 19.5.65 

158 14 1.15 5 S-S.E. 20.5.65 

-
7 1.19 3 S-S.E. 21.5.65 

83 7 1.18 5 S-S.W. 22.5.65 

110 27 1.13 7.5 S..E. 24.5.65 

OVERALL MEAN RATIO = 1 .15 



T A B L E 3. 

POSITIVE CCWDUCTrVITT AT (SOUND LEVEL & 

POSITIVE CONDUCTIVITY. AT 1 METRE ABOVE GROUND 

N 

* 

ENO 
wind 
speedy 
m. sec. 

wind 
d i r e c t i o n Date 

78 11 1.24 4 W-N.W. 21.9.64 

90 10 1.35 1 S.W. 23.9.64 

153 21 1.28 3 N.W. 29.964 

95 23 1.28 4 S.E. 30.9.64 

106 9 1.31 2 S.W. 6.10.64 

97 48 1.13 12.5 W-S.W. 28.6.65 

163 11 1.30 2 S.E. 29.6.65 

170 18 1.27 3 S.E. 29.6.65 

160 32 1.26 4 N.E. 1.7.65 

94 10 1.25 5 N.W. 2.7.65 

OVERALL MEAN RATI01 (EXCLUDING RECORD ON 28.6.65) = 1.28 



T A. B L E 2 

POSITIVE CpNDUCTIyITY', AT' GROUN0.. LEVEL & 

POSITIVE CONDUCTIVITY" AT 20 ad. ABOVE- GROUND 

N %K9) W i M , . speed -1 mvsee. 
wind 

d i r ec t i on Date 

219 21 1 *.19 3 N.E> 

216 24 1.21 4 S—S. W«i 4.;6t6-5v > -

163, ' 16 1.21 3 S>1* 

114 12 1.;24 ' 3 S. E. 7.6.65 : 

191 27 : 1.-22 4 N..E* ' 9.6>65 

137 22 1.21 4 N.E. 9.6.65 

217 19 1,20 4 S-S.W. 14.6.65 

96 48 1.18 9 S-S.W. 14.6.65 

164 27 1.22 3 S.W. 16.6.65 

138 34 1.18 10 S.W. 17.6.65 

147 18 1.21 6 S.;W.. 18.6*65 

OVERALL MEAN RATIO = 1.21 
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enabled the computer to calculate the e f f e c t i v e observations (ENO) i n the 

record as w e l l as t h e i r mean. 

DESCRIPTION OF RESULTS 

The resu l t s are presented i n tabular form (Tables 2 - 6 ) , f rom which 

the f a l l o w i n g points are derived: 

( i ) the posi t ive conduct ivi ty measured at ground l e v e l i s always greater 

than the negative conduct iv i ty at the same l e v e l , w i t h a mean r a t i o 

of pos i t ive to negative of 1.43. T l t ^ ^ 

( i i . ) Hhe pos i t ive conduct ivi ty decreases w i t h height i n the f i r s t metre 

above the ground, the decrease being r e l a t i v e l y rapid i n the f i r s t 

20 cm. The mean r a t i o s of the pos i t ive conduct ivi ty at ground to 

that at 20 cm. and 100 cm. are 1.21 and 1.28 respect ively 

( i i i ) the negative conduct ivi ty also decreases w i t h height i n the f i r s t 

metre above ground, the decrease being r e l a t i v e l y slow i n the f i r s t 

20. cm. The mean r a t i o s of the negative conduct ivi ty "at ground to 

that at 20 cm. and 100 cm. are 1.15 and 1.28 respect ively . 

( i v ) the t o t a l conduct iv i ty was never constant over the whole range of 

the inves t iga t ion . 

(v ) the r a t i o s of the conduct iv i t ies investigated are a f fec ted by the 

wind speed. 

( v i ) on two occasions during the winter months the po ten t ia l gradient 

was highly pos i t ive w i t h values between 300 and 400 v.m. As a r e su l t 
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both polar' conduct iv i t ies measured at ground l e v e l decreased, w i t h 

the negative conduct ivi ty having values jus t greater than zero ( F i g . 1 

)8n a number of occasions both polar conduct iv i t ies were found to have 

extremely high values (going o f f scale at times) which f luc tua ted 

quite i r r e g u l a r l y ('Fig. 14). A closer look has revealed that i n a l l 

such occasions the wind was blowing f rom the East. An easter ly wind 

would blow f rom Durham Ci ty and so, i f anything, the conduct iv i ty 

would be expected to decrease. No l o g i c a l explanation could be 

given f o r t h i s . 
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C H A P T E R ' V I I 

DISCUSSION OP THE RESULTS 

QUALITATIVE CONCLUSIONS 

By the time the equipment was constructed, tested and i n s t a l l e d on 

s i te i t was l a t e spring i n 1964. Recording started f rom June, 1964 and 

continued u n t i l Ju ly , 19&5* This made i t poss ib le . to make measurements 

during the f o u r seasons of a year. Records have brought out the f o l l o w i n g 

qua l i t a t ive conclusions: 

Seasonal Var i a t i on : 

The conduct iv i ty was found to reach a maximum during the summer 

and f e l l o f f t o a minimum during' the winter months. This may be . 

a t t r i bu t ed t o the v a r i a t i o n of atmospheric p o l l u t i o n . This i s maximum 

during the winter when f o g and mist are f requen t ly encountered as w e l l as 

smoke from domestic f i r e s . A l l these sources of p o l l u t i o n cause a large 

decrease i n the number of small ions and hence a corresponding reduction 

i n the conduct iv i ty . 

Diurnal Var ia t ion : 

The conduct ivi ty remained f a i r l y constant during any one day dropping 

i n the l a t e afternoon or ear ly evening. I n f a c t an ear ly morning maximum 

i s generally reported. Here again a i r p o l l u t i o n i s the main f a c t o r 

responsible f o r the observed v a r i a t i o n . 
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RELATION TO "WEATHER: 

A considerable lowering of the conduct ivi ty was noted whenever the 

a i r was misty and damp; ai-large number of the small ions being then 

attached to large ions or Aitken n u c l e i . The conduct iv i ty i n clean, dry 

a i r was comparatively very much greater. 

RELATION TO POTENTIAL GRADIENT: 

When conduct iv i ty changes occurred the po ten t i a l gradient generally 

fol lowed the w e l l known inverse re la t ionsh ip w i t h conduct iv i ty . However, 

there were times when short period var ia t ions i n the conduct iv i ty d id not 

a f f e c t the po ten t i a l gradient at the surface. This i s probably due to the 

sudden in t roduct ion of a small pocket of a i r whose conduct ivi ty d i f f e r s 

f rom that of i t s environment; such a mass of a i r would, net cause rap id 

changes i n the po ten t i a l gradient because of the re laxa t ion e f f e c t . 

DISCUSSION The f a c t that the pos i t ive conduct iv i ty i s always greater 

than the negative conduct iv i ty at ground l e v e l implies the existence of 

a pos i t ive space charge. This i s to be expected since very close to the 

ear th ' s surface there i s the e f f e c t of the o( rays from the outermost layers 

of the earth and the ionised a i r d i f f u s i n g out of the ground. Chalmers 

(1957) points out that the l a t t e r contains an excess of pos i t ive ions 

because the r e l a t i v e l y greater m o b i l i t y and d i f f u s i o n c o e f f i c i e n t of the 

negative ions make them so r ead i l y drawn i n t o the i n t e r s t i ce s of the ground. 
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Also the f i n e weather pos i t ive po ten t i a l gradient tends to dr ive pos i t ive 

ions towards the ground and negative ions away from i t . The pos i t ive 

space charge at the ground found i n the present inves t iga t ion i s i n good 

agreement w i t h the f i nd ings of Law (1963). The agreement i s not so good 

w i t h the resu l t s of Hogg (1939b). According t o Hogg the negative 

conduct ivi ty at the surface i s always very nearly zero. This i s what one 

would expect f rom an electrode e f f e c t where no ions are coming out of the 

ground and f o r p e r f e c t l y s t i l l a i r i n conditions of uniform i o n i s a t i o n . 

These idea l conditions are seldom found over land. ' I t i s t o be noted, 

however, that Hogg undertook most of h i s inves t iga t ions at Kew during the 

winter months of 1937 - 1938, which he himself described as "notoriously 

foggy". Kew i s a very h igh ly pol lu ted area and so i t i s not surpr is ing 

t o note that Hogg quoted an average po t en t i a l gradient value during the 
-1 

period of inves t iga t ion of 500 v.m. On the very f e$ occasions i n the 
-1 

present inves t iga t ion when the po t en t i a l gradient exceeded 300 v.m. 

the negative conduct ivi ty decreased very nearly t o zero ( F i g . 13). I t 

thus seems reasonable to suggest that the very low values of negative 

conduct ivi ty found by Hogg are a d i rec t r e su l t of the high po t en t i a l 

gradients encountered, presumably due t o the high degree of p o l l u t i o n i n 
•r 

Kew. Under such conditions the great abundance of large ions, and nuc le i 

su f f i ces to remove the r e l a t i v e l y less abundant small negative ions near 

the ground. This process no doubt also ex is t s during the periods of the 

usually small pos i t ive po t en t i a l gradients which dominate f a i r weather 
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conditions. But i n t h i s case the number of la rge ions and nucle i i s f a r 

too small t o enhance the electrode e f f e c t . 

The observed decrease of both conduct iv i t ies w i t h height i n the lowest 

metre of the atmosphere can be explained i n terms of ionisa-tion near the 

ground due to the r a d i o a c t i v i t y of the s o i l and the radioactive gases 

derived therefrom. Theot rays f rom the s o i l are l i k e l y to be mainly 

e f f e c t i v e i n the f i r s t few centimetres of the a i r above the surface, 

whereas the e f f e c t of the more penetrating 0 p a r t i c l e s can extend f u r t h e r 

upwards t o about 30 cm. or so. The rate at whifch the radioactive gases 

emerge f f o m the ground depends on atmospheric pressure and the condi t ion 

of the s o i l . Turbulent d i f f u s i o n i n the atmosphere disperses the gas whose 

greatest concentration can thus be expected near the ground. Pierce (1958) 

showed that the rate of production of ions due t o r a d i o a c t i v i t y decreases 

from about 6Cq at 1 cm. above the surface, t o about 8q at one metre above. 

Law (1963) found that the number of small ions , both pos i t ive and negative, 

decreased w i t h height above the ground up t o 150 cm. Hogg (1939b) on tihe 

other hand found the pos i t ive conduct ivi ty to decrease i n the f i r s t metre 

upwards, but the negative conduct ivi ty t o increase s l i g h t l y . This i s 

perhaps to be expected i n the normal f i n e weather p o t e n t i a l gradient of the 

atmosphere i f no negative ions are coming out of the ground. 

Although the wind speed was not simultanously recorded w i t h the 
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conduct ivi ty and po ten t i a l gradient, a-mean'value during the period of 

recording could be taken from the observatory anemometer records. As i t 

turned out the great major i ty of records were taken when the wind speed 

was less than about 6 m.sec. On very few occasions the wind speed was i n 

the range 8 - 1 5 m.sec. Although an exact co r re l a t ion w i t h wind could not 

be made the Results do show that the conduct iv i ty i s very s l i g h t l y a f fec ted 
—1 

by wind speed var ia t ions i n the range of up to about 6 m.sec. I n very 

calm condit ions, however, the r a t i o s of pos i t ive and negative conduct iv i t ies • 

t o the corresponding values higher up increased appreciably. A s imi la r 

increase was also noted i n the' case of the pelajj conduct iv i t ies measured 

at ground l e v e l . Graphs of the d i f f e r e n t r a t i o s of conduct iv i t ies ~j 

invest igated against wind speed are p lo t t ed i n F i g . 15* I t must be -

remembered that the observatory anemometer i s about 50 yards away f rom the 

recording Site and stands at a height of 35 f t . above ground. Also, the 

wind : d i r e c t i on must be taken i n t o account as some parts of the s i t e are \ 

more exposed than others. However, i t i s reasonable to conclude that wind i 

plays an important ro le i n mixing i n the lower layers of the atmosphere. 

Also, the general tendency of the r a t i o s to increase as.the wind speed 

decreases, as brought out by the graphs, seems to suggest that calm conditions' 

are essential f o r the enhancement of the electrode e f f e c t . 

CONCLUSION. Ion i sa t ion i n the lowest metre of the atmosphere at Durham 

i s . n o t uniform, but decreases w i t h height, owing to the e f f e c t of the 
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radioactivity of the s o i l . This results in- the t o t a l conductivity being 
variable i n a similar manner. The variation of the radioactive emanation 
i n the a i r i s directly affected by the role which the. wind plays i n the 
miring of the a i r . I n most conditions overland these effects.combine 
against the enhancement of the electrode effect. I t i s for this reason 
that an enhanced electrode effect could only be found over lakes (Muhleisen, 
1961) or i i i Greenland ice cap (Ruhrike, 1962). A strong manifestation of 
the effect was reported by Crozier (1963) i n the New Mexico semidesert 
during night time periods of very low wind velocity. 



APPENDIX J 

AUTOCORRELATION / K.HIGAZI ' 

BEQI N 
REAL SUN1.SUH2, L3UN1, LSUH2.SUHA1, SUNA2,PROD.R. Z. LEVEL, 

MEANX,.MEANY,P05»NEG' . 
INTEGER J .KiD.L iN. INT.ENO.A.B ' 

REAL AWAY XCH2. H3003 
SWITCH SS1 -INPUTiCALCULATE' 

J | - 1 | 

INPUTi 
READ XC1.J5 .XC2.J j ' 
I F XC1.J9 LESS 0 THEN QOTO CALCULATE 
d l - J + 1 1 WTO INPUT' 

CALCULATE! 
N 1 1 J - V PRINT Ni£ 

LAQ£S6?RCS87ZES5T95X LEVEL?1 

FOR D I B - 1 , 2 D O -
BECjl N 

SUHA1 l.a6UNA2ia>0' 
FOR J i - 1 STEP 1 UNTIL N DO 

BEGIN 
S U H A H - S U H A I + X C D . J D ' 

S U N A 2 I - S U H A 2 + X C D . J 5 « » 2 ' 
END* 

FOR L i - 1 STEP 1 UNTIL 20 DO 
BEG/ N 

P R O O J - O ' 
FOR J « - 1 STEP 1 UNTIL CN - L J DO 

BEGIN 
• PRODI =PROD+XCD,J5«XCD. J+L3' 

- END 
SUHiil-LSUH1: -SUHA 1 ' 

SUM2:-LSUH2:-SUHA2r 

IF L QR 0 THEN 
FOR K i - 1 STEP 1 UNTIL L DO 
BEGIN 

• SUHU-SUm-XCD. CN-K+133* 
SUH2iaSUH2-XCD.CN-K+133»#2' 
LSUN11-LSUH1-XCD. K5 1 

R.l"CPROD-'CSUM!1.»LSUH1J/CN-L53/ 
SQRTCCSUH2-CSUH1 ••23/CN-L3 5 «CLSUH2-CLSUH1 ••23/CN-LJ 35' 

ZJ-LNCC1+R5/C1-R55/2' 
LEVEL: °1.96/SCJRTCN-L5 a 

PRINT PUNCHO?. DIGiT5C25.L.PREFIXC££S3??3..ALIGNEDCl.33. 
R • A LI GNEDC10) • Z . ALIQNEDC105 i LEVEL1 

END' 
PRINT PUNCHCJ5. C C L37? ' 

END' 
WAIT' 

E N D ' 

READ INT' ENOi«ENTIERCN/1NT5' 

PR1 NT CCR100??. PUNCHC33. " L 3 ? ? . Dl Ql TSC35.SAHELJ N E , CENO-?, ENO* 

HEANXl-O" 
NEANYl-0' 

FOR A i - 1 STEP 1 UNTIL ENO DO 
BEGIN P0SI-XC1*INT»CA-13+13' NEG«-XC2. INT»CA-1J+13' 

FOR B l - 2 STEP 1 UNTIL INT DO 
BEGIN POSl-P03+XC1.INT»CA-13+B3' 

• NEGl=NEG+XC2. INT»CA-13+Bi' 
END' 
POSi "POS/I NT* NEQi-NEG/lNT1 

PRI NT ALIGNEDC2. 35.PCS.SAHELI NE. NEQ' 
M E A N X I - H E A N X +PC8* 
HEANY i-MEANY +NEQ* 
END' 
HEANXl-HEANX/ENOj 
HEANYl-HEANY/ENO' 

P R I N T C E L L L ? ? , ' A L I G N E D C 2 » 3 > i H E A N X . HEAilY. C . $ ? , P U N C H C 3 3 . 
C H O R E DATA P L E A S E T 

http://XC1.J5.XC2.Jj'
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AN EXPLANATION OP SOME OF THE SYMBOLS USED IN THE ALGOL PROGRAMME. 

SUM1 the sum of the f i r B t (N-L) numbers 
SUM2 the sum of the squares of the f i r s t (N-L) numbers 
LSUM1 the sum of the last (N-L) numbers 
LSM2 the sum of the squares of the last (N-L) numbers 
SUMA1 the t o t a l sum of N numbers 
SUMA2 the t o t a l sum of the squares of N numbers 
MEANX the mean of the effective number of observations for 

the f i r s t set of data 
MEANY the mean of the effective number of observations for 

the second set of data 
LEVEL the level of significance 
EROD the sum of the products 
INT the interval corresponding to the correlation length 
ENO the effective number of observations 
L the lag 
N the t o t a l number of observations 
R the correlation coefficient 
Z the normalized value of the correlation coefficient. 
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APPENDIX I I 

TESTS OF THE EFFECT OP THE BEND 

To test the effeot of the bend a dust free room with l i t t l e 
disturbance from human sources was used* One chamber lay horizontal 
en the bench with the right angled elbow slipped on so that i t s intake 
was v e r t i c a l * The other chamber did not have an elbow but was clamped 
to the same bench with i t s intake being v e r t i c a l and level with the 

ii 
elbow intake* The two intakes were 8 apart. 

i 

As a preliminary test both intakes were set at a distance of 3 
from a window i n the room. The window was opened and the room was 
closed* Air was drawn through the two chambers at the same rate, as 
measured by gas meters - one connected to eaoh chamber - The suction 
fan exhaust was placed outside the room so as not t o s cause any 
disturbance of the a i r i n the room. This showed that the chamber with 
the elbow lost about 20% of the ions of either sign. I t was f e l t that 
some of the ions oould very well have been lo s t due to the different 
paths taken by the a i r to enter the chambers from the large area of the 
open window* 

A more reliable method of testing was seen to be one i n which the 
room was completely closed and the ions were produoed a r t i f i c i a l l y 
from a source whioh can be placed symmetrically to both chambers and 
whose distance from the chambers can be varied at w i l l . So i t was 
decided to use a poloniun ion generator. This consisted of a brass 
tube 5 om. i n diameter with a s t r i p of polonium 210 f o i l placed 2 cm. 
below the top of the tube. An electr i c fan propelled a i r up., the tube 
and into the room. Ions of the required sign were separated by 
connecting the same sign terminal of a high tension battery to the tube. 
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Sinoe polonium 210 i s the last radioactive element i n the radium decay 
series, only «(-rays are emitted producing only small ions. 

These tests were oarried out repeatedly with ions of either sign 
and with different rates of flow between one and three l i t r e s per second. 
This was necessary to coincide with the range of flow rate anticipated 
i n the actual experiment. The generator was always symmetrical with both 
intakes, and i t s distance away from the chambers was so adjusted that 
the electrometer reading was appropriate to the rate of flow, as calculated 
approximately for the ions i n the atmosphere. I t i s these tests which 
f i n a l l y revealed a loss of 15-25$ of the ions, of either sign, depending 
on the rate of flow. The loss i s thought to bv the result of the ions 
diffusing to the walls of the elbow i n turbulent conditions. 

That turbulence does exist i n such a ri g h t angled elbow, i s supported 
by theoretical consideration. I t i s known that i n a f l u i d motion where 
the velocity diminishes i n the direction of motion the external flow may 
become separated from the wall and eddies of considerable size are formed 
owing to the backward flow of the inner parts of the boundary layer. In 
the case of a r i g h t angled elbow there i s a transverse f a l l of pressure 
i n the curved portion of the flow. By Bernoulli's equation, the velocity 
i s therefore increased on the inner side of the curve and deoreased on the 
outer; i.e. the conditions associated with the separation of flow are 
satisfied at the outer boundary, even though the flow becomes re-attached 
to the wall downstream. 

Boundary layers may be influenced a r t i f i c i a l l y so as to prevent 
separation of the flow taking plaoe. One way of doing this i s to raise 
the velooity of the inooming f l u i d very rapidly from a very small value 
to that required i n the4xperiment. This i s achieved by making the f l u i d 
traverse a pipe of very wide cross section passing into a narrow one 
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(with the cross seotion to he used i n the experiment). This was t r i e d 
•i 

i n the case of the elbow by using a oone 9 i n diameter at the intake, 
ii ° i " 5 high, terminating into 2f diameter, which f i t s t i g h t l y over the 

elbow intake. The above testB for ions of both signs were made many 
times, with an improvement i n the loss of I t was therefore decided 
that the dimensions of the cone might be c r i t i c a l . This and the fact 
that large dimensions of the cone might raise d i f f i c u l t praotioal problems 
i n windy conditions f i n a l l y turned the balance i n favour of mounting 
the two ohambers v e r t i c a l l y without the elbows* 

AUTOCORRELATION LENGTHS AND THEIR RELATION TO CONDUCTIVITY AND WIND SPEED 

The autocorrelation analysis of the results described i n Chapter VI 
gives a correlation legth.L, which i s the*: time interval by whioh 
observations have to be separated for any one of them not to depend on 
the previous ones. This autocorrelation length was found to be different 
for different records, presumably due to different conditions I n which 
the records were taken. This would suggest that the phenomena have a 
"memory". One i s readily reminded of the well known memory of the 
atmosphere, better known as the relaxation time,T* This not only gives 
the rate at which a conduotftr loses charge, but also the rate at whioh 
the e l e c t r i c a l conditions i n the conductor adjust themselves af t e r a 
change. I t was thought reasonable to look f o r a rel a t i o n between L and 
T. 

Considering the case of an exponentially decaying function, the 
autocorrelation coefficient r ( k ) for any lag of k i s given byt 

rOO - . " ^ 
Thus from a oorrelogram (a curve of r ( k ) against k) an estimate of the 
value of T should be that value of k which makes r ( k ) • i/e . 
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The autocorrelation coefficient f or many of the records already 
analysed by the oomputer was used to plot correl©grams, and a 
comparison was made between the estimated T from the oorrelograms and 
those calculated from the equations 

T • & . 

This comparison showed no agreement at a l l * The lack of any comprehens
ible r e l a t i o n was furfcher brought out by p l o t t i n g L against Tj the result 
was a mass of points scattered a l l over the graph. This would seem to 
imply that the observed T can not be due to "e l e c t r i c a l decay", but must 
be related to some other effect such as meohanioal turbulence. 

The next thing to do was to look for a relation between the auto
correlation length and the wind speed,V, using the data i n Tables 2-6. 
Suoh a plot was made for the data i n each Table. A relation seems to 
exist between the two, which was best brought out by the data i n Table 3 f 

as shown i n Fig.l6 . However, this can not be ascertained with any 
great confidence, as i n nearly a l l the cases, there was not enough 
dispersion of the wind speeds. 

THE REGION OF COLLECTION OF THE AIR 

As already mentioned, the rate of flow of a i r through the conduc
t i v i t y chambers was 2 l i t r e s per second. With suoh a flow rate i t was 
realised that the a i r being sampled must have been coming from a s l i g h t l y 
higher l e v e l . To f i n d out just how much higher, a simple experiment 
was undertaken. A candtfey- was l i t up, and then extinguished so that 
smoke was coming out of i t . On a calm day, the candle was placed 
d i r e c t l y above one of the chambers, through whioh a i r was drawn at the 
usual rate. The oandle was moved up. and down u n t i l the smoke was just 
seen to be going into the chamber. The height of the candle above the 
intake was then measured. The experiment was repeated many times and a 
mean value for the height of 2 om. was found. 
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THE TWO RECORDS WITH THE HIGH POTENTIAL GRADIENT 

The f i r s t record was taken on the afternoon (3p.m. - 5p.m.) of the 
7th. of A p r i l , I965. The wind direotion was S.W., with a speed of 
4 m.seoT* I t wae misty* 

The second record was taken on the morning (10.30a.m. - 12.40p.m.) 
of the 9th. of A p r i l . 1965. The wind direotion was S - S.W., with a 
speed of 3 m.seoT 1 I t was cloudy. 

Similar oonditions did i n fact occur many times during the period 
of the investigation, hut the potential gradient showed i t s normal values. 
This would suggest that on the two particular occasions above, the high 
values of the potential gradient were due to some local effect, especially 
as they occurred within two days of each other. 

THE IMPORTANCE OF THE RESULTS 

The importance of the results of tJtewB*vsul ku- uf the present 
investigation are three f o l d 1 
( i ) The disagreement with the findings of Hogg. This oan not he attributed 
to any radical change i n the method of investigation; the present work i s 
i n fact a more refined repeat of Hogg's work. However, the fact that 
agreement with Hogg was achieved on the two occasions when the potential 
gradient was over 300 v/m , seems to suggest that the main difference 
i s perhaps due to the pollution level i n Durham and Kew. Increased 
pollution would decrease the conductivity and increase the potential 
gradient. Kew being a highly polluted area accounts f o r the high potential 
gradients (300 - 600 v/m) reported by Hogg. Durham, on the other hand, 
i s comparatively very much less polluted, with the potential gradient 
ranging between 80 and 150 v/m. Support i s lent to t h i s suggestion by 
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the day time results of Law i n Cambridge which are i n f u l l agreement with 
the results of the present work, although^used a completely different 
method of investigation. His potential gradient values were between 
60 and 100 v/m. High potential gradients can probably explain the very 
high r a t i o of ; sinoe there i s always a positive space charge at 
the ground, a large condensation nucleus content would deorease A-3 more 
than i t would *X+J • Also with the fine weather positive potential 
gradient.negative ions move upwards and positive ions move downwards. 
Explanation would s t i l l have to found for Hogg's result that the t o t a l 
conductivity remains oonstant within the f i r s t metre above ground. 

( i i ) The autocorrelation length. This varied between 2 minutes and 14 
minutes, and i s perhaps t y p i c a l l y 7 minutes. The very existenoe of th i s 
time lag necessary between observations before they can be taken to be 
independent of one another, suggests that non-continuous measurements 
of atmospherio e l e c t r i c phenomena are net after a l l undesirable. I t 
does appear that the autocorrelation length i s a direct consequence of 
the prevailing wind speed, and so i f a direct r e l a t i o n can be established 
between them, the worker i n atmospheric e l e c t r i o i t y oan ohoose his own 
interval of observation. This i s pa r t i c u l a r l y helpful i n oases where 
continuous recording presents a formidable practical problem. 

( i i i ) The effect of the wind speed. This caused a l l the ratios measured 
to tend towards unity. An explanation for t h i s can be found i n terms of 
the turbulent mixing of the a i r near the surface, caused by the wind. 
With very strong winds the a i r would be so thoroughly mixed that the 
eleotric f i e l d would not be able to separate ions of both signs, and so 
the r a t i o would be unity. I n these conditions, of turbulent mixing, very 
close to the surface no negative ions would be expeoted to leave the 
ground and the current w i l l be carried i n t o the ground by the posittive 
ions only, resulting i n an electrode effect i n the f i r s t few centimetres 
instead of the expected one i n the f i r s t metre. The reconciliation of 
t h i s would need to be looked into i n greater d e t a i l . 
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FUTURE WORK 

The present results show that pollution can be a very important 
factor i n the conduction of e l e c t r i c i t y close to the surface of the 
earth. As such,measurements similar to those undertaken i n t h i s work 
w i l l be desirable i n l o c a l i t i e s with different levels of pollution. 

Further work w i l l required to determine any relation which might 
exist between autocorrelation length and wind speed. From the practical 
side simultaneous measurements of both polar conductivities at ground 
level as well as wind speed would be the best ones to make. Such 
measurements would have to be made over a wide range of wind speeds. 
They would also be useful i n confirming or otherwise, the apparently 
non-existent relation between autocorrelation length and relaxation time. 

USEFUL VALUES 

The following values were calculated from the records i 
( i ) The overall mean value of the t o t a l conductivity at ground 

level - 1.09 x IO" 1 4 Ohm̂ mT1 

( i i ) The potential gradient varied between 80 and 150 v/m , with 
a mean value of 100 v/m. 

( i i i ) The mean value of the conduction current, as calculated from the 
—12 2 

above values = 1.09 x 10 A/m. 
( i v ) The t o t a l conductivity at ground level, during the month of 

September,1964 had a mean value of 1.29 x IO 1^ Ohm^m.-1 

This i s to be compared with a value of 7.6 x IO""1^ Ohiium."*1 

bn 15:^:1965, and a value of 8 .1 x IO 1^ OhmT^."1 on 3.4.1965. 


