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ABSTRACT 

MeasUJ:·eme.Q.ts of Atmospheric Electricity have been made in the 

UI:\POllutE;!d ai:r. of Weardale during conditions of preci;Pi tation and in fair 

weather. 

An automatic recording system has been built to digitize instrument 

outputs on paper-tape for: subsequent computer analysis. The system -was 

installed and r·un at La.nehead Field C~ntre and was also used to process 

magnetic tape re~ord;i.ngs from the Iand.Rover mobile station. The system was 

expanded to include an 1-hour smoothing and sampling action for recording 

ave~ged values of fair weather Atmospher:ic Electricity. 

At times of electrically quiet precipitation, measurements have been 

made of potential gr~dient, precipitation current density, space charge 

density and both polar conductivities. A new method of compensation for 

displacement currents has been used;. Conductivity measurements have 

revealed a char~ separ~tion process close to the ~ound in rain, but not 

in snow. 

Techniques of va:r.ian~e spectrum analysis have been adopted for the 

precipitation work. Coherency spectra of potential gradient with precipita

tion current have indicated electrical 1 cells 1 in nimbostratus and their 

relevance to weather for·ecasting is discussed. The phase spectra for these 

two pu-ameters have been examined to measure the height of electrical 

activity and this is found to coincide with the melting level, and an 

estimate is made of the conductivity of the charging region of the cloud. 

Digital filtering of records has disclosed a mechanical-transfer current 

of space charges, to an exposed rain receiver, opposite to the precipitation 

current. 

The diurnal variation of potential .gradient at Lanehead has been 

refined with a further year 1 s continuous observations in fair weather and 

seasonal differe:>:lces in the diurnal variations of potential gradient, air-



earth ;cyrrent density and space charge density have been explained by 

increased convection in summer. The conduction cur·rent has been 

estimated. by the Ll'ldirect method and the dif'ference between this and 

the total air-earth current to an exposed plate is attributed to a 

mechanical~transfer current of space charges. Measurements in light 

winds have evinced the i~~luence of the electrode effect. 



CONTENTS 

ABSTRACT 

CONTENTS 

CHAPTER 1. The r~~e of Atmospheric Electricitl in 
Man' s-.enviror:uhent 

1.1 The spherical condenser hypothesis 1 

1.2 Processes which tend to discharge the 2 
spherical condenser 

1.3 Discussion of the mechanisms which maintain 4 
the potential of the spherical condenser 

1.4 The total transfer of char@e 7 

1.5 A theory of the origin of Atmospheric Electricity 7 

1.6 The influence of Atmospheric Electricity on Man 10 

CHAPTER 2. The proposed investigation of the transfer of 
electric charge in nimbostratus 

2.1 The governing factor of climate 11 

2. 2 Electrical measurements in rain 13 

2.3 The measurements for the proposed investigation 19 

2.4 The instruments 21 

CF.APTER 3· The automatic data recording §YStem 

3.1 General background 22 

3.2 The guiding principles and design criteria for 23 
the system 

3·3 An outline of some of the circuit elements and 26 
their applications in the recording system 

The basic actions of the system: recording 

The basic actions of the system: playback 

The performance and accuracy of the recording 
system 

30 

34 

38 



CHAPTER 4. 

4.1 

PARI' I 

4. 2 

4.) 

4. 4-

4.5 

4.6 

PART II 

4. 7 

4.8 

4.9 

CHAPTER 5· 

The instrumentation at Lanehead School 

The situation of the School 

The permanent instrumentation 

The field mill 

The total air-earth current collector 

The conductivity chambers 

The space charge collector 

The electronic interface between the instruments 
and the automatic recording system 

Ancillary instruments 

The anemometer 

The sky photometers 

The rate of rainfall meter 

~ analysis of the measurements of Erecipita~ 
electricity 

40 

4-1 

11-4 

49 

52 

55 

57 

57 

60 

5.1 Data processing 61 

5.2 The statistical analysis of time series in the 67 
time domain 

5·3 The analysis of time series in the frequency 
domain 

5·4 Cross-spectral analysis 

5· 5 A swmnary 

CHAPTER 6. 1he precipitation measurements and their results ----
6.1 The records 

6.2 Analysis of the data in the frequency domain 

6.3 Analysis of the filtered data series 

74 

79 

80 

81 

84 

95 



CHAPTER 7• Continuous mea.sur_ements of Atmospheric 
Electricity at Lanehead 

Fair weather Atmospheric Electricity 97 

Atmospheric Electricity measurements at Lanehead 100 

The 1-hour recording system 101 

CHAPTER 8. Results of the continuous measurements 

8.1 The average diurnal variations, 1968-1969 108 

8.2 The diurP~l variation of potential gradient 109 

8.3 The seasonal variations 111 

8. 4 Diurnal variations of air-earth currents and 113 
space charge density 

8.5 The effect of light-winds on the diurnal 116 
variations 

8.6 Diurnal variations of air-earth currents and 117 
total conductivity in light winds 

CHAPTER 9· General conclusions and suggestions for further 
stud,l 

9.1 The digitization of data 119 

9.2 Variance spectrum analysis 121 

9·3 Precipitation electricity 122 

9.4 Fair weather Atmospheric Electricity 125 

APPENDIX 2. Horizontal wind forces on a falling preci_Eitati~ 130 
particle 

ACKNOWLEDJEMENTS 132 

REFERENCES 133 



CHAPTER 1 

'!HE. ROLE OF A'IMOSPHERIC ELECTRICITY IN MAN'S ENVIRONMENT 

Electrical activity, in the region of the atmosphere surrounding 

the earth, initially made its exietence felt in the awareness of man 

by the manifestation of lightning. The c{rcumstances of the detection 

of activity in conditions other than those of thunderstorm are a matter 

of· hfstorical fact, and th~ details are we!l documented elsewhere 

(SCHONLAND, 1964; CHALMERS, 1967). Of more immediate pertinence to 

this work is the sum of knowledge accumulated over the years, which 

repre·sents our current understanding of the subject of Atmospheric 

Electricity. 

1.1 The spherical condenser hyPOthesis 

The measurement of. certain parameters linked together by the classical 

picture of the 'spherical condenser hypotl;l.esis '· has been, and will remain 

for the purpose of this work, the basis on which the behaviour of these 

parameters is determined. Thie hypothesis- considers the earth to be 

the inner conducting electrode of a giant spherical condenser, with the 

outer electrode being fonned by the hiS}lly ionized region, referred to-

as the ·electrosphere, which marks the lower reaches of the ionosphere. 

The height of this region is about 50 km ab.ove the surface of the earth, 

and it is fonned pby.sically by the ionization of the upper atmosphere 

with cosmic ray particles. These el~ctrodes are maintained, by. a· means 

specified later (Sect. 1.3) at a potential difference, V, of about 

·2·9 x 105 V (Fig. 1.1). 

CHALMERS (1953) showed that, if the electrosphere is a conducting 

spherical surface, it must be impervious to lines of force, and the sum 

of all charges inside it and on its inner surface must be zero. These 
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charges are those in the atmosphere, in clouds, on the :inner surface of 

the electrosphere and On the surface of the inside electrode, the earth. 

1.2 Processes Which tend to discharge the 
spherical condenser 

1.2.1 The fair weather conductiQn current 

The potential of the electrosphere gives rise to a conduction 

current, effectively a 'leakage', in the air layer between the two 

electr0des. This current is most ea.sily detected and studied in conditions 

of fair weather, Which are taken to be any conditions Where precipitation 

is not falling and vigorous electrical activity is not occurring. The 

relationship between the current and the potent:ial difference is governed 

by the tonic conductivity of the air, and the three are assumed to obey 

OEM' s Law in the form:-

I = - FA 

Where I is the current density, A is the conductivity and F is the 

potential gradient, assumed vertical and .defined by: 

F = dV 
di" 

The total conductivity is produced by the movements of positive and 

negative ions under the influence of the electric field. 

1.2.2 The columnar resistance 

The columnar resi~tance is defined as ·the resistance of & column 

of air of unit cross- section (1 rrf in S. I. units) from the surface of 

the earth up to the electrosphere. 

A value for this quantity can be obtained up to different altitudes 

from a knowledge of the conductivity of the.air, and GISH and SHERMAN 

(1936), using the results from t~e balloon Explorer II, concluded that 
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the columnar resistance to a height of 18 km is of the order of 10l7 n. 

If the conductivity from this height to the base of the ionosphere is 

estimated from cosmic ray data, then the total resistance from the ground 

to the electrosphere is about 110 per cent of this value, and if this is 

valid for the Whole of the earth's surface, then the total resistance of 

the atmosphere amounts to about 2()()n. 

It is possible to relate this resistance, R , tc the potential V of c 

the electrosphere by OHM's ~w: 

I = v 
R 

c 

where I appears to be a current and not a current density as encountered 

in Section 1.1 : 

I = - FA 

However, this apparent anomaly may be reso~ved if we consider·R to c 

be the resistance of a column of unit cross-section, and it will follow 

tba t the t-wo I' s are dimensionally the same, that is·, current densities. 

The potential gradient may be written as: 

·F = I 
-}:" - - v 

AR c 

If R remains constant then I is proportional to V, whereas F is prop
c 

ortional to vj'A. Now A, the conductivity, depends closely on local 

influences, notably pollution, and this wil~ ~ffect F more than will v, 

and it would be expected that I, independent of A except in that A 

affects R , would be more responsive to changes in v. This deduction c 

is important in the comparison of the world-wide thunderstorm activity 

with the atmospheric electric elements. 

Indirect measurements of the conduction current density using the 

relationship 
I = - FA 
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give an average value for I of 2.4 pA m-2 for different land stations 

(CHALMERS, 1967). This is equivalent to a rate of arrival of charge 

at the earth's surface of + 75 C km-2 yr•1 ~ 

1.2.) Precipit~tion currents 

The charge brought to earth on precipitation particles has been 

investigated by several workers, and, for measurements in this country, 

SCRASE (19)8) obta:ined values for two successive years of + 7 C km-2 yr-1 

and + 22 C km-2 yr-1 , and from 10 months observations, CHALMERS and 

LITTLE (1947) estimated + 40 C km-l. yr-i. Insufficiency of data, 

particularly for tropical regions, makes this component of the total 

char~ transfer equation a very uncertain quantity to assesso 

1.) Discussion of the me~lsmS--~ich 
maintain the potentiaL.~_e __ _ 

spherical condenser 

Given the conducting nature of air, a simple calculation by SCRASE 

(1933) shows that it would take about 50 minutes to discharge the spherical 

condenser, and a means must be sought whereby charge is supplied in such 

a manner and amount that it will compensate for the leakage of the fair 

weather conduction current. 

1.).1 The conduction current above thunderclouds 

A considemble controversy existed in the 1920's over the polarity 

of a typical thunderCloud; WILSON (1925) and SIMPSON (1927) were the 

main protagonists, t~e former believing that thunderclouds were of positive 

polarity, and the latter taking the opposite view. The measurement of 

the potential gradient in thunderclouds by the alti-electrograph (SIMPSON 

and SCRASE, 1937; SIMPSON and ROBINSON, 1940) resolved the debate in 
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favour of a positive upper charge and negative lower charge distribution. 

If the charge separation processes in the thundercloud are sufficiently 

powerful, the situation might arise where the top parts of the cloud 

become more positive than the electrosphere; in which case, the direction 

of conduction cur.rent flow above the cloud will be reversed and some com

pensation for the fair weather leakage is effected. 

Measurements above active thunderclouqs (GISH and.WAIT, 1950; 

STERGIS, REIN and KANGAS, 1957) have indicated a positive conduction 

current upwards, of average value 0.5A, which, taken together with an 

estimate for the number of thy.nderstonns at one time, is a major contri

bution to the compensation mentioned. 

The various theories of char@e separation in clouds are not included 

here, but may be found, in the literature. 

1.3~2 The conduction current above nimbostratus cloud 

The studies ·of CHALMERS (1956) indicated that the total vertical 

current downwards to the ground from a nimbostratus cloud giving snow is 

negative. Making the assumption that the horizontal extent of the cloud 

was such that conditions were 'quasi-static', that i·s the distribution 

of charges remains the same and continuity of current can be expected 

(CHALMERS, 1967), Chalmers suggested that the current downwards must be 

ne~tive at all levels, so that the conduction current above the cloud 

brings down negative charge. This reqiiires the potent:Ui.l at the upper 

boundary of the cloud to be above t"p.at of the electrosphere, and this 

pattern of behaviour is identical in tonn with that of the thundercloud. 

By considering that rain fr.om nimbostratus started life as frozen 

particles of ice or snow, a not unreasonable premise in these latitudes, 

CHALMERS (1967) was also able to show that this structure of charges 
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might also be expected in the rain cloud, just as in the snow cloud. TQ.e 

magnitudes of the effects in continuous precipitation are very much smaller 

than those encountered in thunderstorms and, for this reason, they have 

been relatively neglected by research workers. 

1.3.3 Point discharge 

The production of Charged ions, at t~mes of high potential gradient, 

from elevated points, both n~tural and artificial, gives ~ resultant 

ne~tive charge to the• e~~th. WORMELL (1930), after a period of four 

-2 -1 years of measurement, made an est~te of - 100 C km yr and later 

(WORMELL, 1953) increased this ·figure to - 170 C km-2yr-1• The work of 

STROMBERG (1968), in a planta·tion of trees, produced the value of 

- 270 ± 180 C km-
2yr-1• This result, which is currently the best estimate 

available for natural point discharge, emphasises not only the uncertainty 

in this.quantity, but also its potential importance as a mechanism of 

charge transfer. 

. 1. 3· 4 Ligh tn4!g_ discharge currents 

On balance, lightning dis~harges to ground bring negative charge 

to earth. ISRAEL (1953) used the estimate of 1800 active storms at one 

2 time (BROOKS, 1925) to calculate the total charge brought to 1 km of 

the earth's surface in a yea-,:,. and obtained a mean value for the c.urrent 

-2 -1 
densi~y due to lightning_- Cha_rges of - 20 C km yr for the earth as a 

whole. 
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1.4 The total transfer of Charge 

Using the results for the different processes, it is possible to 

estimate the total transfer of charg~ at those plaaes where the measure

ments were made. Sev~:ra.l werkers (WOBMELL, 1930 and 1953; CHALMERS, 

1949 ~nd 1957; CHALMERS.ap.d LriTI'LE, 1947; WAI'J;', 1950; ISRAEL, 1953) 

hav.e asses$ed the possible contribution by each .process to the total. 

T.heir·conclusiqns, however, diffe! widely and all suffer from the draw

back of being based on measurements, made almost wholly in this country, 

which are unlikely to be typical of the whole globe. 

The v~r:i,.ous processes are, il,l~strated picto:r;-ially by Fig. 1.1. The 

arrows indicate -ph~ effeGtive di·rection of movement of positive charge, 

but not the exclusive mod~ of .beh~viou.r; for example, point discharge 

brings bath posit:i..ve and nega.tive charge to earth, but its net ef;feot ewer 

a per~od is the one ~~ 

1. 5 A theor;x: of the· origin of atmospheric electricity 

It is thought to be worthwhile to mention a theory of the origin of 

atmosph,eric electricity founded on concepts which, until this time,-b.e.ve 

p~yed little part in The general deliberations of physicists concerned 

with the lower atmosphere. The outline of this theory, in a paper read 

to the Fourth International Conference on The Universal Aspects of 

Atmospheric Electricity in Tokyo in 1968 by WEBB. (1968'), is presented 

without con~en~ion. 

1. 5.1 WEBB ' s the.ory 

In October 1959 there was started a network of meteorological 

rocket studies of altitudes up to 80 km, the previous limit being 30 km 

(WEBB et al~, 1966 ). This incret;~.sed volume of information has yielded 



8 

three important large diurnal variations ~ich are temperature (BEYERS 

and MIERS, 1965), wind (~IERS, 1965) and ozone density (RANDHAWA, 1967) 

in the stratopause region. Solar ultra-violet he~ting of the ozonosphere 

i's indicated, by the data, ~o be encountered in the region 45 km to 50 km, 

but with a di~rnal movement up and down from the stratopause level. 1his 

leads to the conclusion that, above tl+e 40 km mark, circulation systems 

exist that exert a profound influence on the structure of the upper 

atmosphere, Whicp will·mix and transport the constituents of this region. 

The important result of these s~optic meteorological studies is the 

discovery of vertical motions of gre~t magnitude in certain localities 

Which involve the transport of charged particles through regions where 

differing mobilities of positively and negatively c~rged carriers produce 

e.m.f'so and hence md~fy the 'normal' fields and currents. Omitting the 

details of the interactions between the various fields, electric and 

magnetic, and the charged particles, the outcome of Webb's work is the 

postulate that these solar induced variations in the vicinity of the lo-wer 

ionosphere are responsible for the large dynamo currents there, Whose 

existence is well founded (BAKER and MARTYN,l952 and 1953). Webb suggests 

that the 1800 A of the fair weather conduction current represents a small 

alternative return path through the partially conducting atmosphere to 

the surface of the earth, thence as telluric currents (CHAPMAN and BARTELS, 

1940) to the centres of thunderstorm activity where lightning strokes 

reduce the resistance back to the ionosphere (Fig. 1.2). The major 

return paths are taken to be horizontal global-scale currents around. the 

regions Where the dynamo current is generated~ 

1.5.2 Discussion of the atmosPheric ~lectricity aspects of Webb's theory 

This theory has a,t .least two important implications for the 

atmospheric physicist. 
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Firstly, the air-earth conduction current, under the 'noise' of 

localised effects, should be governed by the diurnal variation of the 

~nama current. Secondly, the thunderstorm will conduct, through the 

medium of lightning, that current which is available from the above theory, 

~:ther tha..n the current t.htit it might generate internally. This notion 

is illustrated in Fig. 1.2 where the thunderstorm is represented as a self

powered relay switching the '·contacts' (lightning) which short out the 

relatively high resistance of the lower regions of the atmosphere. 

Consideration of the two pictures (Fig. 1.2) of the ionosphere -

earth electrical system, one di,J.e to WEBB (1968) and the other being the 

spherical condenser hypothesis, may be made from two standpoints; the 

ionospheric physicist will reg:~.rd the current loop through the air-earth 

path as a negligible leak (about 1 per cent of his dynamo current) and 

the finer points of the characteristics of ·currents in the atmosphere will 

matter little to him. On the other hand, the atmospheric physicist, 

traditionally a student of effects of the magnitude of the air-earth 

current, will assume that.the earth and the ionosphere, whose resistivities 

are factors of hundreds of times smaller than that of the atmosphere, may 

be considered as perfect conduct.ors. It can be seen that Webb's pic·ture 

will reduce to the classical con,cept if resistances of the order af 1 

per cent, or less, of the columnar resistance are ignored, except forthe 

·essentia.l difference in the r~le of the thunderstorm as an agency of 

charge transfe·r. This will, however, still allow the same· rel.at ion ships 

wh~ch have been e:x:perienced between thunder and theotlE r atmospheric 

electric elements under the classical hypothesis, but for different reasons, 

and an explanation will still be requ:i,red for the charge separation that 

occurs within the cloud. 

It is possib~e that the t~e mode of behaviour lies in a combination 
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of these two outlooks. 

1.6 The influe~ce of Atmospheric Electricitl on Man 

The electrical activity in the environment of man intrudes, to varying 

degr-ees, into several distinct but interrelated phenomena. There is the 

electrical link between the ionosphere, Which shields man from radiation and 

assists some of his communications, and meteorology,which has a powerful 

influence over his comfort.. This link is carried further to the behaviour 

of the particulate and ionic matter in the air he breathes and the pollution 

he produces, and an association of physiological phenomena with electrical, 

as well as meteorological factors has also been conjectured (SCHILLING 

and CARSON, 1953; SCHILLING· and HOlZER, 1954 ). 

Our knowledge of the degree to which electrical effects are funda

mental to the various processes of our environment is imprecise; this 

work is concerned with some of the processes of fa:ir weather and rain, and 

the scope and guiding principles ~re set out in Chapter 2. 
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CHAPTER 2 

THE PROPOSED JNVESTIGATION .OF. IJl:IE TRANSFER OF ELECTRIC 
CHAIDE IN NIMBOSTRATUS 

ll 

The outline was given, in Chapter 1, of several processes of electric 

charge transfer between the atmosphere and the earth, and the meteorological 

conditions in which they are generally encountered. This thesis is devoted 

mainly to an investigation of the electrif'ication of nimbostratus. 

2.1 The governin~ factor of cl :ima.te 

The climate of the British Isles is dominated by the interaction of 

the continental-type climate of Europe with the oceanic climate of the 

North Atlantic. This produces weather of a changeable nature, characterised 

by the rapid development of frontal systems and depressions over the 

Atlantic Which sweep across tne country. A typical d~pression, with its 

warm and cold fronts, is shown in the weather map of Fig. 2.1, together 

with an idealized profile of the physical structure of the frontal system. 

It will have been noted in Chapter 1 that nimbostratus, a feature 

of the warm front and a possible veh:i;cle for a charge transfer process 

maintaining the potential of the electrosphere, has been relatively 

neglected by workers in the pa-st. Thisis .mainly because of the lesser 

intensity of its electrical effects and its rarity in most parts of the 

world. It is, however, common in Britain and should be more predictable 

as a subject for research than should, for example, the thunderstorm. 

In research of a mensural nature, accur~cy and confidence are greatly 

increased if it is possible to make a large number of repeated measurements 

and it is felt that, with the development of the Automatic Data Recording 

System (Chapter 3), the occurrence 'or these warm fronts makeaa study of 

the electrification of nimbostratus a worthWhile prospect. 
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2.2 Electrical measurements in rain 

The origin of the electric charges on water drops and ice particles, 

falling as precipitation, excites interest because of the possibility that 

precipitation plays a fundl!lmental part in· the separation of electric charge 

in, or below, clouds. 

Most measurements of precipitation currents in non- stormy condi t.ions 

have been made with an insulated collector connected to an electrometer, 

and often the collector is shielded from the earth's electric field in 

order to avoid effects associated with changes in bound charge. The 

shielded collector, in its ~sual fo~m, comprises an open-ended metallic 

cylinder, mounted vertically, with the. collector fitted onto insulators 

inside. This arrangement is effective in eliminating, from the collector, 

the displacement currents arising from cha~~es in the electric field; 

but considerable doubt surrounds the faithfulness with which it will 

collect rain in gusty conditions. SCRASE (1938) found that his apparatus 

collected only half the amou~t of rain caught by a standard rain ~uge. 

1he purpose of the total~ exposed collector is to isolate some 

portion of the earth's surface and to determine the charge reaching it 

on the rain, in conditions which are as close to the natural ones as 

possible. This collector will catch all the rain falling on it, but it 

is also exposed to electric field changes, and co~ensation is needed 

for displacement currents .. 

Early workers employed the mea:;;ur;S.ng technique of allowing their 

collector to charge up for a period of time, taking the reading by eye, 

~nd then eart.lling the collector and starting again. ELSTER and GEITEL 

(1888), using this metho9,, adopted periods of 5 s to 2 minutes depending 

on the rate of charging of their collector, but later workers, M'CLELIAND 

and NOLAN (1912) and SCRASE (1938), pr~ferr~d to measure the amount of charge 
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associated with a definite-quantity ~f rainfall. Scrase, for example, 

used a tipping-bucket device as an integral p:~.rt of his collector. Early 

attempts at continuous recording were made by SIMPSON (1909) and 

SCHJNDELHAUER (1913), but effective direct measurement had to await the 

development of modern electronic electrometers and suitable insulating 

materials before it became a realistic proposition. The Vibrating Reed 

Electraneter (hereafter referred tp as V. R.E.) has been extensively used 

at Durham for this purpose, and the work of RAMSAY and CHALMERS (1960) 

may be cited as an example. 

2.2.1 The work of Sir George Sim~son 

Since 1934 it has been the practice of the Kew Observatory to make 

conti~uous recordings of several parameters of Atmospheric Electricity 

(SCRASE, 1938) and these include potential gradient and the charge carried 

down to earth by rain. Observatic:ms rna~ in the period October 1942 to 

May 1946 were considered by SIMPSON (1949) and, among otQer topics, he 

sought a relationship between potential gradient and the charge on rain. 

The whole bod,y of his data did not yd.eld an acceptable linear association 

between the tvro, but Simpson showed that different linear relationships 

existed for two distinct categories of the datao One grouping corresponded 

-1 to potential gradients in excess of 2000 Vm , and the other to potential 

-1 gradients of less than 1000 Vm • 

In the formerya remarkable effect, the 'mirror-image effect', in 

which the two parameters show corresponding increases in magnitude but 

with opposite sign, was explained by the interdependence of rain current, 

point discharge current aq.d rate of rainfall. In the latter, the observa-

tions were conper.ned with steady rain with no point discharge, and these· 

gave rise to a less well-marked mirror-i~ge effect. A theoretical 
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accoQ~t of this effect, and the con~tions in ~hich it will and will not 

hold, is given by MAGONO and ORIKASA (1961). S:j..mpson arrived at t.i.J.e 

following empirical relationShip: 

q = - 4.8 x 10-S (P - 400) 

w.here q is the rain ~~ar~ per unit volume of water, in Cm-3, and P is 

the potential gradient in Vm~1• He made the interesting suggestion that 

the constant term, 400 Vm-l> might represent the normal fair wea~~er 

potential gradient at Kew and that, as a consequence, the value of q was 

proportional to the measured disp:Jilcement from this normal value.. He 

also concluded from his measurements that, in general, the potential 

gradient is n~gative for stea~ rain and that the rain carries positive 

charge out of the cloud. A lack of information from steady snowfall 

prevented him from considering fully the joint r8les of snow and rain, 

but this has been developed by CHALMERS (1956) and is mentioned shortly 

(Sect .. 2.2.2). 

It is worth recording here some of the relationships betweel.: 

potential gradient and raL~ charge, or current, Which have been obtained 

by other workers. 

SIVARAMA.KRISHNAN (1960) found results similar to those of SJMPSON 

. (1~49), but with q proportional to (P - 100). 

CHAIMERS (1956) measured the total current density, conduction and 

precipitation, to earth and obtai~~d a relationship of the form: 

K = 1. 18 X 10 -l4 ( J? - 150) 

-2 -J.. Where K is in Am and P is in, Vm • 

REITER (1965) also fo~d the current to depend on (P - C) and in 

-1 . 
his case C was 4o Vm , which agreed well with the local fair weather 

potential gradient. This work is discussed on Sect. 2.2.3. 
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2.2.2 The work of Chal~ers 

The extension of meas~ements from quiet rain to the comparable 

conditions for continuous snow was made by CHALMERS (1956). He imposed 

the restriction that the potential gradient should be in the range 

-1 ±800 Vm for both types of precipitation. A relationship of the form 

encountered with the rain results was computed and found to be: 

K = - 0.92 x l0-
14 

(P + 425) 

. -2 -1 
where K is the total current density in Am and P is in Vm • In 

contrast to rain, the downward snow current was usually negative. w.hile 

the potential gradient was pos~tive or negative, but more frequently 

positive .. 

Bearing these gene,ral results in mind, CHALMERS (1956) discusses 

their relevance to the origin of the charges ·on rain and snow. He assumes 

that most, if not all, of the·precipitation involved in his.measurements 

must have been in a froz;en state during some part of its time in the 

cloud. If a process of charge separation exists i..rhich is, in some way, 

connected with solid precipitation particles, then it will operate in 

al;L cases, whether the precipitation reaches the ground as rain or snow. 

Such a process must cause the :r;article.s to bring negative charge. down ~ 

wards in order to meet the condi t:i.ons, observed experimentally, for snow .. 

In the case of rain, a second process must apply which will convert the :1 -.. 

" negative SrJ.OW into positive rain. 

This indicates that tne direction of. charge separation in n:imbo-

stratus is the same as that in the cumulonimbuq cloud and CHALMERS 

(1956) suggests that, if the separation is sufficiently large, it will 

lead to a reversal of the conduction current above the cloud., thus 

replenishing the charge of the electrosph~re. 

A further consequence of this work is that, in the region where the 
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snow melts and turns to rain, there seems to be a process ~f charge 

reversal on the precipitation, and this constitutes an area of interest 

as compelling as that of the origin of the charge on the particles in 

the first place. OWOLABI and CHALMERS (1965), in a single period of 

measure~ent, detected a time lag of 40 s between maxima of potential 

gradient at the ground and the precipitation cUITent to their shielded 

collector. They suggested that this ;tag was a consequence of the time 

that it took for the precipit~tion to fall fran the height of the melting 

level on that dey. By itsel;f', t:P,is result is not conclusive; OWOLABI 

and CHALMERS (1965) took no- account of the wind profile at the time_, 

and this could alter their estimate, of the height from which the drops 

had fallen in 40 s, by a factor of 2 or more. But it is clear that a 

careful LDvestigation should be conducted to verify the existence of 

such time lag effects, as the work ~f REITER (1965) has sho',m that the 

melting level is indeed a region of eleqtrical activity. 

2.2.3 The work of Reiter 

It is significant tha·t the continuous collection of data over 

long periods, in the manner Which enabled S]MFSON (1949) to do his 

pioneer stu~Ues of precipitation electricity, is also the method which 

HmiTE~ (1965) adopted for his interesting work. The establishment, 

in 1954, of a network of seven stations in the Wetterstein Mountains 

of West Germany,. between the heights 675 m and 3000 m above sea level, 

allowed a continuous examLi1ation to be ·inade, within and below' cloud, 

of the temporal development of' atmospheric electric processes in 

distUI~ed weather. In aQditidn, the vertical disposition of the 

stations meant that the variation of these processes with altitude could 

be investigated in te~s of th~ different levels represented by each 
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station. Over a number of years, the results from the observations in 

the Garmisch-Partenkirchen area ha¥e been published (REITER, 1956; 

1958; 1960; 1965 and 1968); and a summary of the sections which relate 

to steady precipitation is pertinent to the present work. 

During several periods of precipitation,the 'melting zone, where 

the average atmospheric temperature is in the range 0°C to + 2 °C, was 

at a heigJ.t such that some stations were above its level and sane were 

below. This led to the discovery that, in the zone of solid precipita-

tion, the potential gradient has the same sign as the fair weather 

potential gradient and the precipitation particles carry negative charges, 

although there is a balance of positive ~pace charge. Between the zones 

of liquid and solid precipitation the charge signs are reversed. This 

result is valid inside the cloud as well as below it and is irrespective 

of the height of the cloud base. A physical explanation of this effect 

is not offered (REITER, 1965). 'The records of precipitation current 

density and potential gradient exhibited t.he,mirror-image effect, and 

REITER (1965) has derived an e)I:I>ression relating the two in the form 

given by SIMPSON (1949). It is: 

-14 ) J = - 0. 74 X 10 (P - 4o 

for steady rain, and 

-14 ( ) J = 0o93- X 10 p - 40 

-2 -1 for continuous snowfall, where J is in Am and P is in Vm • The 

-1 constant term, 40 Vm , is in good agreement with the normal fair 

weather potential gradient at Garmisch. 

The observations for the period 1954 to 1968 have been extensively 

analysed and the results were published in a paper (REITER, 1968) 

presented at The Fourt..h. International Conference on The Universal 

Aspects of Atmospheric Electricity in Tokyo. This paper constitutes a 
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comprehensive assessment of the characteristics of behaviour of 

atmospheric electric parameters in relation to differing meteorological 

synoptic conditions, and verifies the results mentioned above. A 

further development is the observed pre~ence of negative charge in the 

base of nimbostratus cloud; this negative charge is evident for rain-, 

snow- and non-precipitating clouds a~ike and produces a small dLminution 

from the fair weather positive potential graclient at the groux1d beneath 

the non7precipitating cloud;. For this reason REITER (1968) believes 

that the variations from this smalle;r posit;i.ve value during precipita-

tion are caused by electrical·e;ffects associated with the falling 

particles, rather than any activity within the cloud. It is worth 

mentioning that SHARPLESS ( 1968) detected a hig.ll correlation of' space 

charge d.ensi ty and potential gradient at the ground :in quiet rain, 

Which was taken to indicate the-existence of a layer of space charge a 

few tens of metres deep. It seems, in view of these results, that the 

existence of more than one basic separation of charge, as preferred 

in Sect. 2. 2. 2, will :have to be considered. 

Confirmation of the vari!3,tions of the parameters with hei&lt, which 
I 

had been interpolated between the levels of the stations, has recently 

been achieved by the instrumentation of a Cf:ible car which climbs from 

the Ga1misch Valley ('730 m above sea l.evel) to the Wank Summit (1780 m 

above sea level), and this was also reported to the Fourth International 

Conference (REITER, 1968). In- far-ra,nging manner, ~ITER (1968) also 

discusses the r~le of atmospheri~ instability, in the cloud region, 

as an :influential factor in electric/i4. phenomena, and he has no hesita-

tion in emphasizing that this is. a subject which must feature in any 

consideration of precipitation ~lectricity. 
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2o3 The measurements for the.prqeoaed investi~ti~ 

These are to be made, using the Automatic Recording System, for 

the potential gradient F, the total, cur·rent I to an exposed receiver, 

the space charge density p and· both polar conductivities (f.. and f.. ) 
+ -

at grou...YJ.d level, during conditions of continuous, electrically quiet 

rain. The criteria :for such conditions are set out in Sects. 2o 3.1 

and 2o3o2. The precipitation current density J is to be computed by 

subtracting the con,d,uction curr-ent I at the ground, given by the c 

product: 

from the total current I. From the data collected, the relationahip 

between F and J will be evalu.a ted and the analysis methods, given in 

Chapter 5, are to be used to examine, in fine detail, the behaviour of 

these two parameters in both the time-domain and the frequency-domaino 

Meteorological observations of interest, for example, cloud base height 

and speed, will be made in connection wi~h this search. 

Restrictions are laid down, in the next two sections, to ensure 

that ea~h different period of measurement will be a valid example of 

quiet, continuous precipitation from nirnbostratuso 

2.3,1 A meteorological defLqition 

The physical structure of a warm front is illustrated in Figo 

2.1; the region of warm air, tra~ed behind the more dense cold air 

at the front, is gently forc~d up and over it by the following mass of 

faster.-moving cold air. As the warm air rises it cools and condensation 

occurs until a time is reached when the water drops, or ice particles, 

beg:ln to fall out of the cloud. The inclination of the '·wedge' of 

cold air, over which this takes place, is very shallow, prObably about 
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1 in 100, an(l the precipi W..ting cloud which fonns over it, nimbostratus, 

has very great horizontal extent •. The cloud will exist for many ·hours 

vntil the two fronts join to farm an occluded frah~· 

The tUn.e that it will take for the cloud t.o pass over a given 

region will depend on the speed ot the 'Whole frontal system. and on the 

size of the cloud, Which itselr i~ a_function of the size af the system. 

T,r.pically, such rain will last f~m.2 to lO hours. 

It was decided to rest~ict measuremeuts to. those periods of quiet 

rain associated with ,,,;axm frqnt·s, when the duration af the rain was ii! 

excess of 1 hour. This is .in line with the practice of other workers, 

and snould preclude the pof;lsibility of short-lived non-stratiform 

disturbances dominating the record. 

The same mechanism, the upward movement of moist, warm air, Which 

causes tile fonnation of the cloud, may also occur when a flow of air is 

forced to rise to clear azr obstacle, such a.s a mountain or a hill. 

This effect is known as orqgraphic lifting and.its magnitude is of the 

same order as that encountered in the vertical motion of a w.rm front. 

The cloud, forming on the up-wind slope and with the ddwn-wind edge 

evaporating contLTJ.uously, often appears to remain stationary over the 

obstacle although the wind may·be blowing througn it with considerable 

force. A classic example of t~is, tile Helm Wind of Crossfell, in 

Cumberland, is fully· described by ·MANLEY (1945.). 

The cloud itself may· be stationary but. the air flowing through it 

will be varying in moisture ·content and temperature,.~ as a result 

the cloud structure wiJ,l not b·e unC.hanging. To an observer below, 

capable of detectin~ the changes in form of the cloud,_ there will 

appear to be no 4ifference bet~en this ~ype of cloud and the true wann 

front sort, anq it would'be ver,y surpri~ing if the two involved 

different electrical propert:i.efi,. 
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A combination of the two processes will oecur when a wann front 

passes over a hilly region, and it must be borne in mind that on the 

upslope side of a hilJ., t.he orographic lifting will incr,;;ase the 

vertical motion of the air; while on the downslope side, the motion 

will be diminished. These may be considered as being equivalent to a 

more vertical and a more horizontal profile of the warm front, but 

should in no other way alter the physical concept of the system. 

2.3.2 Restrictions on the electrical activity 

In order that the conditions in which the electrification of 

nimbostratus is studied be as straightforward as possible, measurements 

will only be made at times of low and slowly changing potential 

gradienta Tnis is to rule out point diecharge currents which compli-

cate the general pattern of charge transfer and, for this purpose, 

-·1 
limits of ± 1000 Vm - are imposed. 

2.4 The instruments 

An atmospheric eJ.ectric observatory has been establi.shed at the 

Geography Depar12nent Field Centre at I.a.nehead i.TJ. Weardale, by 

SHARPLESS (1968). 'I'his station is equipped with tried and tested 

instruments (Chapter 4-), in an area ·where air pollution is as low as 

any in the country, and constitutes an admirable site at which to 

conduct this experiment. 

The desire to utilise the instruments fully at all ti.mes is the 

moving influence behind the fair weather work which will be the second 

irwestigation ir1to electric charge transfer to be undertaken by the 

author (Chapters 7 and 8). 
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CHAPTER 3 

THE AUTOMATIC DATA RECORDING SYSTEM 

).1 General Background 

It has been well appreciated that the application of computer 

techniques to the handling of data gathered in Atmospheric Electricity 

would allow a considerable saving in time and effort on the part of the 

investigator. The feasibility of constructing a relatively simple 

electronic system for converting analogue measurements to digital paper 

tape form for input to a computer has been successfully demonstrated by 

COLLIN (1969), and put to use by Collin himself, BENT (1964) and a nmnber 

of other workers. This analogue - to - digital converter was installed 

in the Atmospheric Physics laboratory at the Durham University Observatory 

and use~, in conjunction with a Hon~well-Brown 16-point potentiometric 

recorder, to monitor various of the atmospheric electric parameters on a 

site adjoining the Observatory. At that time, GROOM (1966), a contemporary 

of Collin's, was making observations with an instrmnented La.ndRover, and 

found that the taking down of readings by hand for any length of time 

imposed a strain on the individual and a constraint on his ability to deal 

with unexpected occurrences. It was felt that an automatic recording 

system, of a transportable nature, would alleviate many of the difficulties 

encountered with a mobile station, and to this end, Collin and Groom · 

combined to explore the possibilities of recording data on a magnetic 

tape-recorder. Their laboratory tests, using a mains-powered recorder, 

showed that, with suitable changes to Collin's analogue-to-digital 

converter, the idea of reco+ding a-train of 'packets' of pulses, the 

number of pulses in eaCh 'packet' being related to the value of the 

parameter being recorded, was a practical proposition, within the limit

ations imposed by the frequency response of the tape-recorder. The two 
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main actions of the method, the recording and the playback of a data 

signal, were shown to work, but the system was not developed or applied 

beyond this stage. 

3.2 The _guiding ;principles and design criteria for the system 

3.2.1 Considerations of accuracy 

The accura~ of a ~ecording system must be such that ~~e para

meters being measured are in no way limited by the system and that their 

values can be recorded as accurately with the system as they ca.11 without 

it. The fundamental unit of the proposed system, for which good per

formance is of paramount importance, is the voltage-to-frequency 

converting circuit. COLLIN (1969) used the circuit given by DE'SA and 

MOLYNEUX (196~) for this purpose, and it was shown to be accurate to 

better than ± 1 per cent, which is adequate for the purposes of Atmospheric 

Electricity (Sect. 3.6). For this reason it was felt that this circuit 

could again be satisfactorily used, and that no real benefit could be 

g~.ined from ~~e investigation of alternative possibilities. 

3.2.2 The two modes of operation of the §YStem 

One of' the proposed topics of research in the Group was the 

simultaneous recording of precipitation currents at two sites in the line 

of the wind. It was envisaged that one site, the fixed one, would be 

the Field Centre at Lanehead School, Weardale, and that the other sites 

would be reached by means of the Land.Rover. It was necessary, therefore, 

to make two identical recording systems for the sake of consistency, and 

this was achieved by splitting the system into two separate units. The 

second ~Dit, the pl~back processor, was designed to accept the data 

signal from whichever source was being employed, and to punch the 
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i_11.formation on paper-tape. The first part of the system, the recording 

unit, was designed so that it could either transcribe the data onto the 

w.agnetic tape for playback into the processor at a later date, or it 

could be coupled di.rectly to the processor to give an instantaneous 

output of paper-tape. By this means, simultaneous records could be 

taken, one directly at the Field Centre, the other, on a battery portable 

tape-recorder, in tl1e LandRover. 

'Ihis arrangement could be extended, if desired, to use any number 

of recording uni.ts, each wit..il its own tape-recorder. 

3.2.3 'l'he Tape-recorder 

Tne working range of the voltage-to-frequency corrverter of De'Sa 

and Molyneu..x gives a nearly linear output of 0 to 10 k Hz for an input 

of 0 to - lOV. This characteristic governs, in part, the choice of a 

suitable tape-recorder; GROO~ (1966) had experienced difficulty with 

playback from a poor quality recorder, so that a prime requirement for 

the instrument would be a good frequency response up to not less than 

15 k Hz. The :further requirement that the recorder be powered by 

rechargeable batteries l:i.mited t..h.e possible choice to a few instruments, 

and the make and model finally selected was the E.M.I. :L 4-B Battery 

Portable Tape-Recorder, which has been extensively used by the British 

Broadcasting Corpoiation, and for this reason would seem to be of 

reasor~ble quality (Fig. 3.15). 

3· 2 •. 4 The Tape-pnnch 

~1e second-hand tape-punch emplqyed by Collin at the Observatory 

became unreliable and an order was IJlaced for a Teletype Larp 28 Tape

pnnch, (Fig. }.14), which -was duly in the possession of the Group when 





Fig. 3.1 The playback processor 
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the author joined. The input requirements of this machine were fu:r·ther 

factors in the consideration of the design of the system. 

3.2.5 Some design aspects of the system 

The electronics of Collin's system had been built on to 'tag

boards', which were pe~manently mounted onto a chassis. This prevented 

easy access to individual parts of the circuit for the purposes of repair 

or testing, and the choice was made to use 'Veroboard' printed circuit 

boards, (Fig. 3.1) which can be plugged into the unit, to allow a more 

versatile app~oach to the new system. A further improvement, recormnended 

by GROOM (1966), was the use of reed relay switches, which can be 

controlled by a single switching transistor, in place of the less reliable, 

and in terms of current consumption, more demanding,corrventional relays. 

These devices are designed to fit the 0.1" x 0.1" matrix of holes in a 

standard printed-circuit board, and were, therefore, suitable for use 

with "Veroboard". 

A further improvement in the system was made possible by the timely 

ad-vent of a decade counter module (T,ype DCM 503) manufactured by 

Quarndon Electronics Limited, capable of counting rates of up to 1 MHz. 

The counters are triggered by low voltage (+ 4V) pulses and give both 

a bL~a!y logic output and a decimal digit readout on a built-in 

numerical indicator tube. Three such modules, used in series, are 

capable of a count of 999, and have suitable output facilities for 

decoding to the tape-punch; they obviate the necessity of switching 

large D.C. voltages, characteristic of the 'Dekatron' counting tubes 

used by Collin, and have the further advantage of a digital readout, as 

opposed to the s..mall dot of light which circulates round the ten 

positions of the 'Dekatron'. 



26 

By these means a complete break V.'8.S made from thermionic valve 

circuitry, and its power supply problems, and semiconductor transistors 

were used throu@10ut t..ne -whole system. 

3· 2. 6 A recommenda·_tion 

The increasiP..g cheapness, availability and versatility of 

standard 'integrated circuits' makes the use of these components a 

reasonable basis for a data-handling system of this nature, and the 

saving in space, together with the inc1~ase in efficiency make these 

circuits a more attractive proposition than the use of discrete com-

ponents, as undertaken by the author. 

3· 3 An outline .of . .some . .of __ the .. c.:ixc.ui.t.._element.a.and their 
applications in the recording syst~ 

It is not the purpose of this thesis to be a comprehensive text-

book of electronics, and the assumption is made that the reader is 

acquainted with the principles and applications of semiconductor 

transistors. However a brief outl:ine of some of the basic circuit 

f1L"'1Ctions mey be helpful to a consideration of the complete system. 

The three members of t •. ne multivibrator 'family' are described, together 

with some circuits, specifically designed, which do individual tasks 

in the recording system. 

3·3·1 The astable (or free-running) multivibrator 

Foil:' the astable multivibrator there are two active circuit ele-

ments, the two transistors in Fig. 3· 2, connected with positive feed-

back; in practice, the circuit is not stable if both transistors are 

conducting, but oscillates between two temporarily stable extremes, 

first, with one conductiP..g and the other cut off, and then with the 
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states reversed. The transition between these two states gives :cise 

to square pulses at the collectors of the transistors, with the time 

lapse in each state, before transit ion, being governed by the coupli.11g 

networks R
1

C1 and R2c
2

• This circuit is 'free-running', and is used 

in t..h.e playback part of the system to control the actions of the tape

punch (Sect. 3·5·3). 

3.3.2 The monostable multivibrator 

This circuit produces an output pulse on receipt of a trigger 

pulse, the duration of the pulse being determined by the designer with 

the value of the product R
3
Cy '1'11.e form of the output pulse (C) from 

such a circuit is not sufficiently well defined for accurate timing 

purposes, so the output is treated by a three-transistor 'pulse shaper' 

(Fig. 3· 2), ·which gives the desired square pulse, albeit inverted. 

This, however, is not a drawback as the designer can take the output 

either from B or, in its inverte~ form, from c, to give the 'positive

going' or 'negative-going' pulse at D. 

This circuit is emplqyed in the recording system to control the 

opening and closing of 'gating' circuits, for example, to allow a 

100 ms train of pulses to be recorded on the magnetic tape, to time 

the various steps in the playback process and to provide a short 

trigger pulse, recorded on·the tape, to initiate the playback action. 

3·3·3 Gating circuits 

The basic requirement of a gating circuit is that it shall have 

two states, in one of which (gate open) input sigmls are faithfully 

transmitted to the output, and in the other (gate shut) t..'IJ.ere is no 

output. The gate is controlled by the application of an auxiliary 
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pulse, often derived from an exterP..a.l device. 

A simple transistor-transistor logic (TTL) gate (Fig. 3;3·(a)) is 

used to regulate the transmission of pulses to t:te tape-recorder, with 

a switching pulse derived fran a monostable (or 'one-shot') multivibrator 

(Sect. 3· 3.1). The input. pulses and resulting output pulse form are shown 

in Fig. 3·3(a). 

An alternative form of gating circuit, extensively used in the 

recording system, comprises a diode AND network switching a diode-tran

sistor logic output (DTL), as in Fig. 3·3(b). The transistor will 

enter the 'on' state if', and only if, all inputs have the correct 

voltage level applied to them (in this case, neef!.tive voltages, - 6V, 

are required at the three diodes). A positive voltage applied to one, 

or more, of the diodes will bias it into the conducting state, causing 

the potential at the base of the transistor to becane positive, thus 

switch:i.ng the transistor off. This corresponds to 'no signal'. The 

other logic functions (OR, NOR, NAND, NOT, etc.) are similarly fonned 

in DI'L for the puiJ>oses of the recordi:P.g system, and the reader is 

referred to arzy text-book of electronic logic element design for fuller 

details (for example, 'Electronic Counting Techniques', published by 

Mullard Limited, 1967). 

3·3· 4 The bistable multivibrator 

'l'he circuit and lo!5ic symbol of a bistable multivibrator are 

shown in Fig. 3.4. This circuit is a stable two-state device Which, with 

some alterations to its co:nf'iguration, can be used in two different 

modes. Firstly in the case of Fig. 3.4, the bistable will chaP.ge state 

( t:h..at is, exc..llange the output voltage levels at A and A) with the 

arrival of a valid pulse at input I1 and will remain in this state, 



Fig.3.2. The Multivibrator Family 
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Fig. 3.3. Gating Circuits. 
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Fig .3.4. Th~ Bistablfl Multivl brotor as a Switch. 
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Fig. 3.5. The Bistable Multivibrator as a Binary Counter. 
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Fig. 3.6. Regulotad Powqr Supply for -12V & -6V. 
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irrespective of the arrival of further pulses at I 1, until a pulse 

(probably a reset) is applied to input I 2, when the device is then 

returned to its original state. In this manner, the bistable can be 

used as a controllable switch, with the advantage that it will respond 

only to the first pulse received, and for this reason it is used in 

the recording system to eliminate the spurious pulses caused by 'chatter' 

and 'bounee' on mechanical switches. 

In the alternative configuration, Fig. 3.5, with the two inputs 

connected together, the bistable will respond to each and eve~ pulse, 

and is, therefore, acting as a bina~ scaler. Four such scalers, 

connected as in Figa 3.5, will form a binary counter with a counting 

capacity of 10, and the outputs can be decoded by a diode matrix to 

obtain a decimal value of the count. Resetting to a particular state 

can be achieved by means of a pulse applied to the reset line, which 

is shown as a dashed line in Fig. 3·5· 

This type of counter is used in the playback device (Sect. 3~4-3) 

as a 'programmer' for the necessary steps in the punching control logic, 

and in the recording system as a 'programmer' for the channel selector. 

A combination of two bistables (Fig. 3·5), as a'scale of three', 

will give one output pulse for every three input pulses. This type 

of divider is used in the clock of the recording system (Sect. 3.l.j .• 2). 

3·3·5 ~e power supplies 

The demands for electrical power in this system can be separated 

into three distinct groups: the high current loadings made by electro~ 

mechanical devices, the stabilised supplies required to provide fixed 

reference voltages for logic intelligence levels, and a power source 

for the general electronic circuitry. 
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A standard regulated power supply circuit was adopted and this 

was adapted to provide each of the different naninal voltages for tile 

abmre groups. A dual purpose example (for -l2V and -6V) is shown .in. 

Fig. 3· 6. In this circuit, t..h.e Zener· diode Dl provides a rei'erenee 

volta~ l.n the emitter circuit of 1R2. Transistor 'I'R2 compares a 

fraction o:f the output voltage with the reference voltage of Dl; it 

amplifies the dif'ference and feeds a signal to 'I'Rl in order to maintain 

a constant difference between the two voltages. 

All su:pplies were_ stable for the loads :imposed upon them, and 

the ripple on the outputs w-ere ty-pically less than l mV. For a full 

discussion of the problems of power supply design the reader is 

referred to 'Voltage Regulator (Zener) Diodes', published by Mullard 

Limited.. 

3· 4 The basic actions of the system: recording 

'l"'his consideration af the overall system is divided into two 

parts: f' irs tly, the data conversion and recording process (as outlined 

in Fig •. 3· 7), a.YJ.d secondly, the pleyback of the record and the produc

t ion of the 11aper~tape (Sect~ 3· 5 ). 

3· 4.1 The S8.Ill;;g_l.ing rate of the recordir,ag system 

'l'he decision to set the sampll.ng interval of the system to 3s 

·was arrived at after consideration of several factors. The speed of 

the tape-punch and the number of different steps to be made by the 

electronics will set an u:pper limit to the sampl:ll1g rate. T.nis upper 

limit, however, is well above the rate which, according to the work 

of COI,T.,IN, GROOM a.nd I!IGAZI (1966),. will give a detailed and meaning-

ful record of the sort o.f chang-es encountered in Atmospheric Elec.tricity. 
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Using calculations of the autocorrelation coefficient for measurements 

of total conductivity these workers estimated a time interval within 

which there exists correlation between the members of the time series; 

this interval was found to be of the order of 5 minutes, and the 

difference between this and the 'relaxation tnne' of the atmosphere, 

given by € 
0
/A ~ 15 minutes (CHAIMERS, 1967), was attributed to the 

influence of the wind. Repeated measurements taken more frequent~ 

than ever,y few minutes are not, therefore, truly independent and could 

give rise to errors in the use of standard statistical tests. When 

the recording system is being employed to its full capacity of 10 

different channels, a particular parameter would be sampled twice 

per minute, which ensures that no loss of detail should occur if the 

above considera. tions are valid. 

Finally, a period of 3s allows the researcher to keep a written 

record of the data, ani will al.so permit him to keep an eye on the 

behaviour of his instruments. 

3.4.2 T.he clock and the cr~nnel selector 

T.he operation of this part of the system is governed initially 

by the clock Which produces an electric pulse ever,y three seconds, 

derived in the case of the IanQRover equipment from a Swiss-made 

precision clockwork movement opening a set of contacts once every 

second, and, in the case of the Lanehea~ apparatus, derived from a 

cam-operated micro-switch, driven by a synchronous mains motor, and 

also having a period of one second in the first instance. In both 

cases, the mechanically produced pulses are divided by a factor of 

3 electronically (Sect. 3·3-4) and the resulting pulse is used to 

trigger the l ms monostable (A in Fig. 3· 7). T.his causes the chan..llel 
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selector to mCJ're on to the next channel, while, at the same moment, a 

pulse is inserted onto the recording. The channel selector is controlled 

by using four bistable circuits (Sect. 3·3-~-) as a decade counter with 

their outputs decoded to switch the desired reed relay connecting the 

outiJUt of the measuring instrwnent to ·the voltage-to-frequency converter 

(Sect. 3.4.3). A facility is incorporated in the design of the channel 

selector whereby the prog:r:am.ming decade counter will reset to the first 

channel after a pl·edete:rmined number of channels have been sampled. . 

'Ihus by. changing the setting of a switch the system can be made to record 

cyelically any nurnber1 from l to 10", of different parwneters. 

3 .. 4. 3 The voltage-to-f!'equency converter 

The channel selector connects the different parBllleters. to the 

voltage-to-frequency converter of DE'SA and MOLYNEux (1962), the circuit 

of 'Which is given in Fig. 3· 8, with a conversion characteristic, in 

Fig. 3· 9· This cireui t conve-rts a given voltage level into a train of 

pulses, the frequency with which the pulses are repeated being propor

tional to the applied voltage (Fig. 3.10 ). Full details of the theory 

of ·t-.llis part of the system are given by DE' SA and MOLYNEUX ( 1962), but 

it is relevant to e:x.plaLYJ. the necessity af' the 'pulse-degrader' circuit 

which haB been added after the 'gate '• One of the difficulties encountered 

by GROOM (1966), in his exploratory tests (Sect .. 3.1), arose when he 

tried to record square pulses of tl1e sort derived from the voltage-to

frequency converter on a rru;~.gnetic tape-recorder of poor response, with 

the result that the recorder attempted a Fourier analysis of the pulses, 

giviiig, on playback, not only the basic frequency but .also harmonics 

of this frequency. This was unsatisfact·ory. In order to avoid this in 

the present system, the fonn of the pulses is rounded off by means of 
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R1c1 (Fig. 3.8) until they approximate to a sinusoidal Shape, which, 

together with the better frequency response of the E.M. I. tape-

recorder (Sect. 3.2-3) completely eliminates this problem. 

However, another difficulty had to be resolved before the recording 

action could be deemed satisfactory. The output pulses from the converter 

are, by sign, positive only, with the consequence that when they are 

recorded a time-averaged volta@e level is superimposed on the record; 

reasonably, the higher the repetition frequency of the pulses, the higher 

the level attained by the avera!?J=d voltage and this creates difficulties 

When the tape is replayed into the pulse analyser (Sect. 3.5.1). To 

alleviate this the pulses are passed througn an RC filter (R2c
2

) which 

holds the average voltage level of the waveform at zero, irrespective of 

the repetition frequency. With these modifications incorporated into ti1e 

system, satisfactory recording and playback were achieved on bo~~ speed 

ranges of the tape-recorder (3t or 7~ i.p. s. ). 

3.4.4 The 'time division multiplexing' of the data 

In order that each parameter sampled should occupy a distinct' and 

unique position on the magnetic tape (time division multipl~xing, or TDM), 

careful timing of the recording process is required. A delay (monostable 

B in Fig. 3.7) of 60 ms is introduced between the recording of the 

trigger pulse from monostable A and the start of the period of 100 ms 

during which pulses are transmitted to the tape-recorder (Fig. 3.10). 

This delay is to allow the several reed relay switches involved to settle, 

for they have a finite period of 'bounce', both in the recording unit and 

in· the playback processor. At the end of the 60 ms delay monostable C 

'opens' the sate in the voltage-to-frequency circuit, thus allowing a 
\ 

certain number of pulses, dependent on the repetition frequency and 



therefore also on the applied voltage, to pass as a 'packet' to the record

ing heads of the tape deck. It will readily be seen that with a maximum 

repetition frequency of 10 kHz (Fig. 3· 9) and a gating period of 100 ms 

that the max:iluum number of pulses L11 any 'packet' can be taken as 999 and 

that a counter of thls capacity is required to indicate the number of 

pulses per packet. 

'l'hus far, the total time taken to record one parameter has been 161 ms, 

in a sampling period of 3s; this would clearly permit a much-faster 

sampling frequency, but the limiting factor is the speed of t.he paper-tape 

punch which may }l..ave to punch up to 10 different characters for one para

meter, at a :cate of 5 per second. Th;i._s does not, therefore, allow much 

room for increasii"'..g tl1e sampl:LYJ.g rate. 

3· 4. 5 A summary 

The stage has been reached where different output levels from 

measuring LYJ.struments are sampled cyclically, and are converted into a 

train of 'packets' of frequency-dependent pulses in a form suitable for 

magnetic tape recordi.ng or for direct introduction into the playback 

system (Sect. 3· 2. 2). 

3· 5 The basic actions of the system: .E._layback 

'l'hls section describes the operation of the playback processor -which 

is represented in schematic form in Fig. 3.11. 

At the start of the work on this system the University was usil1g an 

Elliott 803 Computer, so that Elliott 5-hole code was the choice for the 

characters to be punched onto t..h.e paper-tape. Fortunately, when t..h.e 

University a<;:q;uired an I.B.M. 360/67 Computer in 1968, it had facilities 

to read Elliott 5-hole code, and did not require major aw.endments to be 
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made to the recording system. 

3·5~1 The pulse analyser and amplifier 

The characteristic of peak-to-peak volta~ against pulse frequency 

for the output of the tape-recorder is given in Fig. 3.12, and shows for 

the lower recording speed (3t i~p.s.) that at the upper end of the 

frequency ran~ the voltage is reduced by a factor of 10. It is necessary 

to treat this output in order to submit it to the counters as identical 

pulses, irrespective of their repetition frequency. This is achieved 

by amplifying the signal with a two-stage transistor audio-frequency 

amplifier (Fig. 3-13) to a level such that the smallest peak-to;...peak 

input voltage encountered will qverdrive the~following stage. The 

constant size pulses produced in this way are fed into a pulse-shaper 

(Sect. 3.3.2) to invert them and to give them a rise time (less than 

200 ms) fast enough to trigger the. Quarndon counters (Sect. 3.2.5). The 

trigger pulse, duly ~ecorded before each data 'packet', undergoes the 

same treatment; it is used to switch the bistable unit which initiates 

the succeeding operations in the system, and is also registered by the 

parameter counter decade. 

3·5·2 The starting circuit 

The bistable 'starter' circuit which is switched by the trig~r 

pulse in turn triggers the monostable A (Fig. 3.11); the leading ed~ 

of the 200 ms opens the gate to allow the 'packet' of frequency pulses 

to pass to the cou.YJ.ters. The trailing edge of the pulse closes the 

gate before the arrival of the next parameter, and also operates the 

bistable clock switch. 



3· 5· 3 1'he clock pul.se genera tor 

The leading edge of the clock pulse, derived from an astable multi-

vibrator (Sect. 3·3-1), having been passed.by the clock switch gate, 

·p· .. 
triggers a bistable 'memory unit', and passes a pulse to the progrannner. 

No further pulses can pass this wa:y until a 'message complete I sigP...al arrives 

from the punch, to reset t..h.e 'memory uriit'. 

The trailing edge of the pulse causes the solenoid-controlled clutch 

of the tape-pu,nch to engage, and one pU..11.Chihg operation is undertaken and 

completed with the closing of the micro-switch Which sigP...als 'message 

complete ' to ·the 'memory unit'. The next clock pulse to arrive will be 

able to drive the progrannner on one step on:cy on.completion of the curTent 

task, and the system is safeguarded against missing or dup~icating a 

punchL11.g operation. 

3· 5· 4 The pro,g_rammer 

This circuit dictates the sequence in Which the various tasks 

allotted to the tape-punch are carried out. It comprises a d.ecade counter 

unit (Sect. 3· 3· 4), taking the allowed clock pulse as its signal to pass to 

the next position, and uses a conventional diode matrix network to decode 
r 
its binary output to control the punch-pin selector logic. There are 

normal~ 5 different operations to be performed in the punching of a number 

but on reading the last parameter of a cycle 9 operations are engaged. 

The tasks can be tabulated thus: 
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Order of execution Appointed task 

0 wait for pulse 

l punch the space character 

2 punch the hundreds digit character 

3 punch the tens digit character 

4 punch the units digit character 

5 reset- to 0 normally, or go to 6 

6 punch carriage-return character 

7 punch line-feed character 

8 reset to 0 .. 

Steps 6 and 7 command the punching of the carriage-return and line-feed 

characters necessary to give a tabulated form if a printed list of the 

data is required. 

3·5·5 The reset procedure 

If step 5 of the programmer is valid; reset pulses are applied to 

the Quarndon counters, the programmer and the bistable starter circuits. 

The system is then prepared for tQ.e arrival of the next trigger pulse, 

heralding another parametern 

If~ however, the parameter currently being processed is the final one 

of the cycle, as indicated by the parameter counter, step 5 is by-passed 

and the programmer executes 6, 7 and 8. Step 8 resets the system in the 

same manner as step 5, with an added reset pulse being applied to the 

parameter counter, indicating that the next trigger pulse to arrive is 

the first of the cycle~ 



The param~ter counter 

This is a further application of the binary decade scaler 

(Sect. 3·3·4) and it is emplqyed to count the number of trigger pulses 

Which arrive at the processor. The system ·oper-ator is able to select the 

number of channels (from 1 to 10) appropriate to the number of parameters 

he wishes to record, and on arrival at this number, the parameter counter 

circuit causes step 5 (the normal reset) to be overridden, and the 

carriage-return and line-feed characters are duly punched. 

3· 6 The ;performance and accuracy of t:b.e recat:'ding system 

The short- and long-term consistencies of measurement of the system 

were tested by a:pplying known reference voltages to the inputs, and then 

examiniP~ the resulting count values. These were found to remain accurate 
\ 

to better than + k per cent of full-scale in the case of short (one day) 

runs, and over a lon~r period (one month) the output values showed a 

maximum variation of .:!" ~ per cent of full-scale. These values are worth 

comparing with tbe ! 2 per cent accuracy quoted by SHARPLESS (1968) far 

his paper-chart measurements with the same instruments Which were 

employed in this research, and this tolerance is deemed to be entirely 

satisfactory in view of the accuracy with which measurements are normally 

possible iJJ. Atmospheric Electricity. The operation in the field by 

!'A...r. Stringfellow, a colleague of the author's, of the magnetic;.. tape 

recording facility of the system revealed no loss of accuracy. 

During the early testing of the system, random character punching 

errors were encountered, which were at first attributed to possible faults 

in the electronic circuitry. It was eventually discovered that the errors 

were due to insufficient tensioning in the return springs of the punch 

pins, on what should have been a new and perfect machine. Once this had 



Fig. 3.14 The automatic recording system 







Fig.- 3.15 The recording unit in the LandRover 
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been corrected the recording system functioned as reliab~ and well as 

any of the commercially produced devices of a similar nature Which the 

author has had occasion to use. The panel rack housing the system, 

together with the 1-hour recording circuit~ (Chapter 7) is illustrated 

in Fig. 3-14. 
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CF..APTER 4 

T.HE INSTRUMENTATION AT LANEHEAD SCHOOL 

4.1 The situation of the school 

Lanehead is a small settlement in Upper Weardale, situated at a height 

of 440 m above sea level, and on the eastern facing slopes of the North 

Pennines. The building, which used to house the village school, has been 

the property of the Durham University Department of Geography for a number 

of years and serves as an accommodation centre for field trips. The 

surrounding countryside undulates quite gently, beL~g of an agricultural 

nature on the lower levels, whilst heath and moorland cover the tops of 

the hills. The geographical position of Lanehead is latitude 54°39' north 

0 and longitude 2 15' west from the Greenwich meridian; the Ordnance Survey 

Map reference is 843417• 

A class B read gives access to the school from Durham and this road 

continues over the Pennines to Alston and the Lake District. The density 

of traffic is ver,y low, with the exception of a few weekends in the 

summer months, and, as a consequence, the pollution effects of vehicle 

exhausts are small and transient. 

The Weardale Cemeni~ Works are reasonably remote at ll km away to the 

east and with the prevailing wind from the west, this source of particulate 

pollution has no discernible influence on electric measurements made at 

Lane head (SHARPLESS, 1968 ) • 

A survey c~nducted by members of the Geography Department, failed to 

detect any solid airborne ·matter at the school, except on the rare 

occasions when the wind was from the direction of the iron and steel works 

at Consett. It is probable that the region of Upper Weardale is as free 

from pollution as any in the country maintaining the necessary services 





Fig. 4.1 'I'he Atmospheric Pt>.ysics plot at Lanehead 
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and facilities. 

Lanehead was chosen as the site for a study of atmospheric electric 

elements in conditions of low air pollution and an experimental station 1-ro.s 

established at the Field Centre by SHARPLESS (1968). The school building 

faces south over the valley, its frontage comprising a ta:rmacadam playground 

with margins of grass. An area of grass L~ the north-eastern corner has 

been fenced in to form an enclosure free from invasion by stray sheep and 

calves. The plot (Fig. 4.1) is provided with surface drainage and has 

a cable duct linking it to the laboratory in the school. Concrete pits 

were constructed to house the instruments at ground level • This prelimin

ary work was undertaken by SHARPLESS (1968) before starting his investiga

tion and the fact that it has been possible to take over and run for a 

further year, with a minimum of trouble, the instruments installed at Lanehead 

is testimony to the ability and foresight with which the station was 

prepared by Dr. Sharpless. 

Part I The permanent instrumentation 

4.2 The field mill 

4.2.1 Special features 

Potential gradient can be measured by a number of different tech

niques and the reader is invited to study CHAlMERS (1967) for a full 

discussion of the subject. 

A standard pattern of field mill (Fig. 4.2) was adopted for the work 

at Lanehead which emplqyed an artificial bias to displace the zero reading, 

thereby giving a form of sign discrimination. The output signal was 

amplified by a two-stage amplifier, using n-p-n silicon planar transistors 

(type BC 109), which was designed by STROMBERG (1968 ). An input impedance 
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of 30 m was obtained and this proved adequate for the purposes of the 

field m111. The two amplifier stages, each emplqying negative feedback 

to control the §ain, had ~n overall gain of 100 and a facility was 

included in the design of the circuit such that a relay, switched from 

inside the laboratory, could alter this overall gain thereby achieving a 

chBnge of ran@e of measurement. The two ranges of the instrument finally 

-1 -1 
decided upon were ± 9000 Vm and± 900 Vm , but for the purpose of this 

work only the lower range was employed. 

The field mill, which was operated in an inverted position to protect 

it from the weather, was calibrated by SHARPLESS (1968) by placing it, in 

an upright position, under a calibration plate. The same treatment was 

afforded to a spare mill of identical design. A comparison was then made, 

at Lanehead, between the output of the inverted mill, with its stator 1m 

above the ground, and the output of the spare mill, which was set in the 

surface of the ground. This was done continuously for several hours 

during fair weather so that different conditions of space charge could 

be averaged out. The exposure factor of the inverted mill represents the 

ratio of the potential gradient at the mill to that over perfectly level 

ground, and this factor is dep1ndent on tl:e dens'ity of space charge between 

the mill and the ground. It is for this reason that it is necessary to 

average out the space charge fluctuations. Having been calibrated, the 

mill remained unaltered save only for the regular check which was made 

on the zero field setting by covering the exposed part of the mill with 

a suitable aluminium box. 

4.2D2 The installation and maintenance of the field mill 

The components of the field mill were housed in an aluminium box 

whicb, was bolted to a Haney-angle framework stand set in the ground. 



Fig.4.2. The Field Mill. 
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Protec·tion from the weather was afforded by a piece of aluminium., in the 

form of a truncated pyramid, Which fitted over the top of the stand 

(Fig. 4.1 ). 

The rotor, stator and bias plate assembly was attached to the hous .ing 

by means of flexible rubber mounts (Fig. 4.2). These have a tendency to 

perish and collapse, but regular inspection ensured that it was possible 

to replace these parts with new ones before any damage could occur. It 

was also felt advisable to clean, at the same ttme, the polytetrafluore-

thylene (P.T.F.E.) insulations which isolate the stator plate from the 

rest of the mill. Trich~orethylene was used for this purpose. In these 

respects the field mill was trouble-free, but·· the· brushless a~ c. 

synchroncu s capacitor motor was damaged by a mains power failure, in the 

hard weather of March 1969, which allowed the moving parts to become frozen 

solid. When the supply was restored. some windings of the commutator were 

burnt out, but the author had the good fortune to find a suitable substitute 

motor in an old field mill relinquished by a former member of the Research 

Group. 

4. 2. 3 Accuracy: 

The displaced zero method of sign discrimination required high 

standards of stability of both amplifier gain and bias voltage. The latter 

could be maintained to within 1 per cent, but the stability of the 

amplifier depended on the variation of the supply voltage~ With a 

stabilised power supply, the long term variations were mostly no more than 

3 to 4 per cent of full-scale positive or negative, so that with frequent 

zero checks the error could be taken as about 2 per cent. Fo~ the range 

-1 8 -1 ± 900 Vm , the error was about l Vm which is equivalent to about 10 

per cent of the normal fair weather potential gradient. SHARPLESS (1968) 
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was satisfied that the varia t.~on of the exposure factor of the inverted 

field mill, dependent on the density of space charge near the grow1d, 

was small in fair weather. 

4 •. 3 The total air-earth current collector 

4.3.1 The measurement of the fair weather air-earth current density· 

The charge arriving. at a point on the earth's surface in fair 

weather may be divided into two components, one of which is the conduction 

current representing the net movement of charged ions under the influence 

of the electric field. The other component is derived from the transport 

of charged particles to the surface by non-electrical mechanisms such as 

local air movements. For the whole globe the sum of the charges brought 

to -earth by these mechanical means is presumably zero, but for a small 

portion of the earth's surface, such as we are considering, this component 

is not zero and, at an~ given time, will make a major contribution to the 

current density measured at that point. Two methods have been employed 

by experimentalists to stud;y the air'- earth cuiTent density~ The 'direct 

method' measures the actual current to an electrically isolated portion 

of the earth's surface and the 'indirect method' measures the conduction 

current density in the air above the earth's surface at the place of 

measurement. NOLAN and NOLAN (1937) showed that, for their measurements, 

the difference between the two methods was less than 10 per cent, but 

LA.W (1963), with field measurements at Cambridge, and DAYARATNA (1969), 

with same wind-tu~~el experiments, have shown that we must consider there 

to be advective transport of charge of the same magnitude as the conduction 

current. For the purposes of this work, the term 'mechanical-transfer 

current' is preferred to indicate all mechanical transfer of charge, 

whether by convective motion, eddy ~iffusion or general wind forces, and 
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the value of this cu.rrent will be calculated from the difference between 

measurements by the direct and the indirect methods. 

4.3.2 Compensation for displacement currents 

The total air-earth current in fair weather comprises both conduction 

and mechanical-transfer currents and may be measured by the direct metl1od 

by observing the rate at which an isolated section of the earth's surface 

accumulates charge. As a result of the ;potential gradient, the surface 

of a collector will contain a bound charge and this bound charge will 

change as the ;potential gradient chan@SS• This gives rise to the displace-

ment current (CHALMERS, 1967) the magnitude of which can be illustrated 

by an example. 

The bound change Q associated with a potential gradient F is given by: 

Q = - A e: F 
0 

where A is the area of the surface and e: is t..h.e permittivity of free 
0 

space. The current density due to a change dF in time dt is : 

dQ 
dt = _ A e: dF 

0 dt 

2 dF -1 -1 dQ -2 
If A = 1 m and dt is l V m s then the value of dt is 8. 85 pA m 

and-this must be compared with a typical fair weather air current density 

-2 of 2 pA m • 

CF.AL..MERS (1967) describes various techniques for the compensation 

of displacement currents and gives full details of the well-known method 

of KASEMIR (1955) which sets the time constant of the measuring instrwnent 

equal to the relaxation t:iniE of the surrounding air. A form -of compensa-

tion similar to Kasemir' s was used in this work. 
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4.}.3 Precipitation current measurements 

In rain, the exposed collector will also receive a current

contribution du.e to the charge on the precipitation p:trticles, and if the 

conduction current is estimated by the indirect method, it is possible to 

obtain a value for the precipitation current. The collector at Lanehead 

was used for both purposes: precipitation current and fair weather air

earth current measurements. For the precipitation work, a normal KASEMIR 

(1955) compensation network, with RC equal to about 15 minutes, would 

prevent the instrument from responding to short-term chan@:S in the 

precipitation component of the total current, and as the work was aimed 

at accurate time correlations between precipitation current and potential 

gradient, this would not be satisfactory. The fact that the recording 

method involved digital data meant that it was possible to use the computer 

to calculate and compensate for di~lacement currents, but it was still 

necessar,y to take steps to prevent such currents from causing the output 

of the V.R.E. from being continually 'off-scale'. It was found, by 

trial and error, that the shortest time constant, which achieved a 

desirable attenuation of the displacement current, was with RC equal to 

20 s. It was felt that this time constant would not seriously inhibit 

the recording of fine detail as, once again, the computer could be used 

to estimate true currents from the values integrated over a short period 

(Chapter 5). 

4.3. 4 Fair weather air-earth current measurement 

A new approach to the continuous recording of fair weather 

measurements (Chapter 7) has been made by using integrating circuits with 

long time constants (RC = 15 minutes), the outputs of which are sampled, 

digitized and punched on to paper-tape every hour~ We must consider how 





Fig. 4 .• 3 The air-earth current collector 



partial KASE..MIR compensation (RC = 20 s) fits into this scheme as the V.R.E. 

will still measure a large fraction of any displacement current occurring. 

These relatively fast changes in curr·ent will be smoothed out by the 

integrating circuits, Which respond to variations taking at least· 60 to 

75 minutes, and it follows that the only contribution to the measured 

current made by a chang-e in bound charge will be that due to the net 

difference bet·ween the bound charge at the beginning and the end of each 

hour·ly period. If the net change in potential gradient in the hour is 

20 Vm -l then the net change in bound charge will be 177 pC m -J., and the 

~2 
average displacement current will be 0. 05 pA m or about 2 per cent of 

the normal air-earth current. 

4-o 3o 5 The construction of the collector 

The collector was a circular aluminium dish shape of effective 

area 0. 4 m
2

, whi.ch was filled with soil in order to approo.ch, as nearly 

as possible, natural conditions. A concrete pit contained a H~ndy-angle 

frame supporting the collector so that its soil surface was flush with 

the surrounding ground. (Fig. 4.3 ). A gap of 2 em separated the collector 

from an aluminium guard ring set into the ground, and the insulation 

from earth was effected by standing the collector on four pairs of 

P.T.F.E. mounts, which were shielded and fitted with heating coils to 

prevent condensation. The V. R. E. head unit was attached to the Handy-

angle frame and the input was taken to the unit by a rigid copper-clad 

coaxial cable from a brass pin on the underside of the collector. 

4~3·6 The accuracy and reliability of the collector 

The long term stability of the air-earth current zero was always 

well within 2 per cent of full-scale of the l mA pen recorder, Which was 

used for checking purposes. These checks 1..rere made at the times when the 
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field mill was being tested, and -were done by placing a large earthed 

aluminium plate over apd close to the collector. The V.R.E. generally 

needed no adjustment. 

It was also necessary to make very frequent examinations of the 

P. T. F. E. insulators as the warmth from the heating coils was attractive 

to insects. This difficulty was alleviated to same extent by putting 

a regular charge of strong disinfectant into the concrete pit. The other 

major causes of insulation breakdown -were seasonal: in the summer months 

grass and clover would grow across the gap between the collector and 

the guard ring, and, in the winter, snow would cause the same failing. 

The only tactic to combat this problem was to inspect the gap as frequently 

as possible. 

The V.R.E. for this instrument, in common with two of the three 

others, was put out of action for three days in March 1969 When a number 

of mains powers failures caused valves to be alternately heated and 

cooled, and in a laboratory temperature of about - 10°C if was not 

surprising that some of the valves cracked. 

4.4 The conductivity chambers 

The practice of using totally exposed air-earth current collectors 

for a study of the characteristics ofprecipitation currents (for 

example, CHALMERS, 1956) has relied on the assumption that the conduc-

tion current, although its presence was acknowledged, was small 

compared to the precipitation current. For this work, in conditions 

-2 of electrically quiet rain, a conduction current of 4 pA m might 

represent more than 20 per cent of the total current to groundn This 

would produce a serious uncertainty in the value, and even the sign, of 

the computed precipitation current. It was felt desirable to allow for 
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this possible discrepancy by estimating the conduction current by the 

indirect method. This entailed measuring the potential gradient F and 

both positive (A ) and negative (A ) conductivities at ground level. 
+ -

By the theory of the electrode effect, defined by BENT and HUTCHINSON 

(1966), under normal calm fair-weather cond.itions the conduction current 

close to the ground can be carried only by positive ions. But if any 

sort of convection or diff~sion currents are acting both polar conduc-

tivities will be involved and the conduction current will he given by 

the product F(A + +A_). 

The Field Station at Lanehead had already been equipped by SHARPLESS 

(1968), with a Gerdien chamber for measuring positive conductivity and 

a second, identical chamber was manufactured and installed to give 

simultaneous measurement of both polar conduct ivi.ties. 

4.4.1 Gerdien's conductivity chamber 

The principle of operation of GERDIEN'S (1905) cylindrical 

condenser, described by CHALMERS (1967), is depicted in Fig. 4 .• 4. 

The conductivity, A, of the air flowing through the condenser, of 

capacitance c, is related to the voltage E measured by the V.R.E. by: 

E = RCVA 
€ 

0 

where R is the high resistor in series with the central electrode,V is 

the bias voltage and € 
0 

is the permittivity of free space. For a given 

mobility of ions, the relationship between V and A is linear up to a 

certain bias, the saturation voltage Vs, shown in the characteristic 

of Fig. 4.4. At ~~is voltage the current ito the central rod can be 

equated to the totB.l flow of ions through the condenser, Wne, where 

W is the volume rate of flow of air, n is the number of ions per unit 
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volume and e is the electronic charge. It is assumed that each ion 

carries a single electronic charge. From the equation above we may 

write: 

E 
'R = i 

Therefore, at saturation: 

€ 
0 

A = CVS Wne 

But: 

A = nek 

-1 -1 
Where k is the mobility of the ions in ms per Vm , and thus: 

€ w 
0 

Vs = Ck 

This equation expresses the relationShip between the bias voltage, the 

rate of flow of air and the consequent ltmiting mobility of the ions 

collected. An accurate value for C is required for its evaluation and 

HIGAZI (1966) obtained a capacitance of 8.51 pF for the type of chamber 

used at Ianehea~ With a flow rate of l0-3m3s-l and a bias of 4.5 V, 

satQration will occur for ions of mobility equal to, or greater than 

-4 -1 -1 2. 2 x 10 ms per Vm • The class of 'small' ions is taken to be 

-4 -4 -1 those ions with mobilities between 1 x 10 and 2 x 10 ms per 

-1 Vm , so these values af bias and flow rate are, acceptable for the 

measurement of the conductivity of air, due to small ions, using a 

Gerdien chamber. 

At Lanehead, air was drawn through each chamber by a common fan 

unit (Sect. 4.4.3) and the bias voltage applied to each was 4.5 V, 

positive for the instrument measuring positive conductivity and 

negative for the other. 





Fig. 4.) The Gerdien chambers 
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4. 4. 2 Maintenance of the conducti,v ity instruments 

The two chambers were installed in a timber box set into a 

concrete pit at ground level (Fig. 4. 5 ). The box was heated by electric 

lamps to maintain the insulation of the P.T.F.E. supporting the central 

rod of each chamber. Electrical screening from external effects, 

particularly displacement currents, was afforded by mounting the 

chambers in individual earthed aluminium boxes, and the coaxial leads 

to the V. R. E. head units were passed through clamped copper tubes to 

eradicate piezo-electric currents. 

Air was drawn into the chambers through cardboaxd tubes, 6 em in 

diameter, which were angled up to ground level (Fig. 4.5). The ends 

of these tubes were chamfered to be level with the surrounding surface. 

A small, earthed aluminium plate· was mounted a few centimetres above the 

openJ!ings to prevent the direct entry of rain into the chambers, and 

tests were mBde on several occasions, by removing and replacing this 

plate, to determine Whether it had any effect on the efficiency of the 

instrument. None -was detected. 

Throughout the period from October 1968 to July 1969, both chambers 

functioned satisfactorily in fa :ir weather and without any insulation 

·breakdown. On a few occasions breakdown did occur during prolonged 

rain, usually in the negative conductivity chamber, but this did not 

persist for very long after the cessation of the rain. The V. R.E. 

units used with these instruments were less stable than those of the 

air-earth collector and the space char@e collector, and the zero of 

the negative conductivity varied by up to 10 per cent of the normal 

mean value in a week. No preferred direction of drift from true zero 

was noticed and it was felt that these variations would probably cancel 

out over the period of a month. This V.R.E. was replaced in July 1969. 
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4.4.3 The fan unit 

The box housing the fan unit (Fig. 4.1) was placed some distance 

away from the instruments so t..l'l.at the air exhausted by the fan should 

not interfere with their measurements. The electric motor fan Uhit from 

a domestic vacuum cleaner was used to suck air thrau@h the conductivity 

chambers and the space char@e collector, and the rate of flow in each 

leg was monitored by a household type gas meter. Each meter had a micro

switch fitted to its rotating arm Which, on closing, caused a small panel 

lamp to light in the laboratory j 10 flashes of the lamp corTesponded 

to the passage af 0.1 m3 of air, so that, with the aid of the second-

hand of a watch, the flow rate could be accurately checked. Adjustment 

of this rate was achieved by altering the supp~ voltage to the fan 

motor; this was usually about 120 V a.c. 

SHARPLESS (1968) experienced several failures with fan units from 

vacuum cleaners, which were not designed for continuous working at the 

high suction pressure required by the space charge collector. But a 

new unit, installed in May 1968, ran for a further 14 months on a 

sL~gle change of brushes. However, When this unit deteriorated its 

demise was rapid and, in line with the policy of improving the 

instrumentation at Lanehead, a more robust suction fan, designed for 

this sort of work, was installed in August 1969. 

4.5 The space charge collector 

By the term space char@e is meant the free, unbalanced charge in 

a volume of air, taking no account of the charges of both sign Which 

balance one another. Space charges may be carried on small ions, lar@e 

ions, dust, cloud or fog droplets, or precipitation particles, and the 

net charge density is expressed in Cm-3. 
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Two methods of measurement of space charge are generally employed. 

Firstly, the charges may be drawn into an earthed Faraday cage where 

the potential at a point inside can be measured. Alternatively, the 

space charge may be collected by filtering and the net charge on the 

filter measured. POISSON'S Law may also be invoked to deduce the amount 

of space charge from the change of potential gradient with height. If we 

assume that the space charge is uniformly distributed through the region 

~~der consideration, for a potential gradient F and space charge density 

p, POISSON's equation reduces to: 

dF 
dz = - P/ E 

0 

where z is in the vertical direction, and e is the permittivity of free 
0 

space. 

The space charge collector at Lanehead w.as of the filtration type; 

a full description of its design and efficiency is given by BENT (1964). 

!~. 5.1 Operation of the collector 

Air was drawn, by means of the fan unit (Sect. 4. 4. 3), through a 

special filter mounted on P .. T.F.E. insulators, which was contained in a 

tapered, cylindrical Faraday cage (Fig. 4.6). The filter comprised a 

fibrous glass-asbestos substance, described by its manufacturers as 

•.-absolute filter material', which w.as encased in an aluminium frame. 

It was claimed to have an efficiency of 99.97 per cent, or better, for 

the collection of particles of diameter 0.3 ~m. BENT (1964) tested its 

efficiency by measuring the number of artificially produced ne~tive 

small ions that would pass through the filter with an air flow of 

10-3m3s-
1

, and he stated that the filter retained 99.8 per cent of these 

ions. 

In the n.ose of the col.lecto:r: the filter i·i'aS :protected. by two pre:f:Uters 



"Which trapped large particles and insects. The aluminiwn frame of the 

'absolute' filter was connected, via a Pless~ plug and a rigid coaxial 

cable, to the head unit of a V.R.E. employi..n.g a 10
12n resistor. This 

required the insulation between the filter and the outer earthed casing 

to be better than 10 timef? this value, so that heating, by electric lamps, 

-was provided to prevent condensation. 

The collector was mounted, nose-down and enclosed in the box, on 

top of a Haney-angle framework·,with the level of the inlet hole at about 

0. 8 m above the ground. This arrangement proved efficacious in preventing 

the insulation breakdown in rain ~ich was encountered by GROOM (1966). 

4..5.2 Reliability and accuracy 

Left in the p.osition established by SHA.RPLESS (1968), the space 

charge collector behaved well apart from occasional insulation breakdown 

·-in heavy rain and once in fair weather "When an insect got ins ide. In 

this case the collector was dismantled and the insulators were cleaned, 

but. otherwise an overhaul was urmecessary~ 

The accuracy of the space charge measurements depended on the 

constancy of the rate of flow of air through the apparatus, and SHARPLESS 

(1968) estimated. this to be better than 5 per cent for the system at 

I.anehead. Regular zero checks, made as a matter of course on all the 

i..11.-struments, supported his assessment that the V.R. E. output -was stable 

to better than 2 per cent of full-scale. The overalJ. accuracy of 

measurement by this instrwnent was better than 10 per cent of the normal 

fair weather space charge density. 



Fig. 4.6. The: Space Charge Collector. (from BENT, 1964) 
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4. 6 The electronic inte:r:fac..e. . .het..ween. .tbe- J.n.atruments and the 
automatic recording system 

The five instrmnents, described in the preceding sections, 
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constituted the pennanent Atmospheric Electricity apparatus at Lanehead 

(Fig. 4.12), and were run for 24 hours a day from early in 1967. The 

practice of SHARPlESS (1968) was ·to record the outputs on paper charts 

with 1 rnA pen recorders, but for this work it was wished to employ the 

automatic data recording system developed and built by the author 

(Chapter 3 ). However, the chart recar~rs served the very useful purpose 

of supplying an Drnmediate past history of the behaviour of the instru-

men-ts and it was felt desirable to retain this facility, so an electronic 

interface unit was required·· to convert the outputs of the v. B. E. 's and 

the field mill into a form suitable for the voltage-to-frequency converter 

of' the recording system. It was decided to design a d. c. amplifier, 

with high input impedance, to sample the voltages developed across the 

pen recorders by the output currents. 

4.6.1 'rhe d. c. amplifier 

Two separate applications needed consideration. Each channel 

of the four-channel pen recorder had an impedance 50an but the single 

channel recorders were 1 ~ impedance. The amplifier, therefore, needed 

the minimum capability of amplifying, linearly, the full scale range 

of the low impedance recorders, effectively - 0.25 V to + 0.25 v, to 

the range of the voltage-to-frequency converter, 0 to - lOV. 

Further requirements of the amplifier were that its input impedance 

should be sufficiently large that it did not shunt the pen recorders, 

and that its output impedance should be low enough to provide sufficient 

current for the voltage-to-frequency converter. In the device, good 



stability and a minimal temperature dependence were characteristics of 

paramount consequence as the amplifier was required to function for many 

months in varying ambient temperatures. 

The developed circuit and its characteristic are shown in Fig. 4.7. 

The input stage was a simple differential type, sometimes referred to as 

a long-tailed pair, with feedback from the output to stabilise the 

gain. In the output stage a constant current source -was used to give a 

shunt-compensated emitter-follower. Because this type of stage cannot 

be driven directly from a long-tailed pair, a single-ended amplifier was 

interposed. The gain of the amplifier was adjusted by the 3· 3 Mn 

skeleton preset, and the set-zero by the 1 kn preset. 

4.6.2 The performance of the amplifier 

The open loop g13-in of this design was of the order of 100 and in 

use the overall voltage gain required was only 20, so the circuit exhibited 

a high degree of stability. No change was observed in its characteristic 

aver a period of 9 mon~hs. 

The effectiveness of the differential input stage as temperature 

compensation was tested by heating the !=!Omponents of the amplifier with 

a domestic hair drier. 
0 

Over a temperature range of about 30 C, the zero 

drift was of the order of 50 1JV°C·-l, and this value was judged to be 

satisfactory far present purposes. 

The five amplifiers, one for the output of each instrument, 

completely fulfilled the requirements made of them. 



Fig. 4.7. Thcz D.C. Amplifier 
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Fig. 4.8. The Anemometer. 
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Fig. 4.9 The sky photometers 
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Part II Ancillary Instruments 

The following instruments were assembled and used only during 

those periods when precipitation records were being taken. They served 

to give some indication of the meteorological conditions prevailing at 

the time. 

4.7 The anemometer 

Wind speed was measured at a height of 2m by a sensitive three-cup 

anemometer, hired from the Meteorological Office. The anemometer would 

start turning for wind speeds in excess of 0.25 ms-l and operated a 

contact breaker which closed twice every three revolutions of the cups. 

A calibration was supplied by the Meteorological Office for wind speeds 

-1 
up to 10 ms and with the assistance of a colleague, Mr. Dayaratna, a 

calibration was obtained, in the wind-tunnel of the Department of 

-1 Engineering Science, for speeds in the range 10 to 15 ms Voltage 

pulses were produced by the contact breaker and these were counted by 

a diode pump circuit. The current output of the pump was recorded on 

a spare 0 - l rnA pen recorder (Fig. 4.10), and the calibration of wind 

speed against current is given in Fig. 4.8, together with a circuit 

diagram. 

4.8 The Sky photometers 

4.8.1 A method for estimating cloud height and speed 

The sky photometer, as used at Durham University Observatory by 

WHITLOCK (1955), comprises a photo-resistor (type ORP 16) placed at the 

eottom of a brass sighting <tube of length 33 em and diameter 2 em. The 

r~sistance of an ORP 16 alters with the intensit,y of the light falling 

on it and this variation can be used to control the current through a 



pen recorder. OGDEN (1967) utilised a combination of two such photo-

meters to measure the horiz.ontal speed of fair weather cwnuliform clouds, 

and he proposed a method, using four photometers, Which would determine 

both cloud speed and height. The time lag between corresponding changes 

in output, caused by one cloud, from two vertical photometers will give 

the cloud speed if the separation of the tubes, in the line of movement 

of the cloud, is known. A time lag of a similar nature between the 

responses of two photometers, each mounted at a known angle to the 

vertical on the same spot (Fig. 4.9), will give the angular velocity 

of the cloud about that point, provided these tubes are also lined up 

with the direction of movement of the cloud. The trigonometrical ratio, 

relating the cloud speed V with time lag t between the angled photometers 

and giving the cloud height H, is: 

tan a= Vt 
2H 

Wherela is the angle between the two photometers. 

4.8.2 Use of the photometers in rain 

It was felt that, with su·itable adaptation, four sky photometers 

could be used to give the speed and height of nimbostratus during rain. 

The sighting tubes of the photaneters were closed with transparent 

perspex discs and the bases, containing the photoresistors,were made 

weather-proof with a sealing compound. It proved necessary, later, to 

insert some crystals of silica gel into the tubes to prevent excessive 

condensation from damaging the photoresistors; a glass sealed photo-

resistor (type ORP 50) would have been better suited to the conditions. 

During periods of prolonged rain, which were often very dull, it was 

found that the changes in resistance of the ORP 16's were too small to 

register on the chart recorder and amplifiers were used to increase the 



Fig. 4.10 A sky photometer and wind speed record 
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magnitude of the variations. This arrangement, with four photometers, 

entailed the occup3.tion of four channels of a pen recorder and to over-

came this extrava~nce, the outputs were grouped in p3.irs, the two 

vertical and the two angled ones together. A circuit w.as built Which 

switched alternately from one member of a pair to the_other; this 

produced. two records of a castellated appearance (Fig. 4.10) and, with 

diligence, it was possible to fill in the missing p3.rts of the record 

th 
without loss of detail. From the chart speed 1/10 inch per second, a 

time lag between corresponding maxima and minima was evaluated. 

The accuracy of the results obtained with the photometers depende.d 

mainly on the precision with Which the direction af cloud movement could 

be assessed by eye. A check w.s made with a nephoscope which indicated 

that, surprisingly, the chosen line was always within 2° of arc of the 

true direction. This implied an accuracy of better than 5 per cent in 

the cloud speed and better than 10 per cent for the cloud height. The 

absence of any Meteorological Office weather station, close enough to 

give more accurate readings, indicates the value of these measurements. 

4.8.3 Wind speed profile 

By combiningthe measurements of the photometers with the wind 

speed at 2 m, a rough, but useful profile of wind speed can be derived. 

This profile depends on the assumption that the observed cloud is moving 

with the speed of the wind at that height. This is not always the case. 

However, it has been stated that for orographic clouds, a change in 

st:r!Ucture will occur in the cloud as air of a varying nature blows 

through it (Sect. 2.3.1) and it is held that this structure may be 

detected by the photoresistors, U' not by the human eye. It is, therefore, 

reasonable to assume that the variations indicated by the photometers are 
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dependent on the wind speed at the height of the cloud structure. 

4.9 The rate of rainfall meter 

The design was contemplated of a circuit which would continuously 

monitor rate of rainfall, suitable for use in conjunction with the 

recording system. 

Previous workers in conditions of light rain have used, among 

others, the tipping-bucket method (SIVARAMAKRISHNAN, 1952) and the 

~rainfall condenser' (RAMSAY, 1959), none of which gave a continuous 

reading. SHARPLESS (1968) used an acoustic method though the calibration 

was not entirely satisfactory. 

It was decided to allow the rain, collected by a large funnel, to 

flow through the channel formed by two parallel aluminium plates set, 

3 mm apart, in a perspex mould (Fig. 4.11). These plates, 5 em x 30 em 

comprised the condenser part of the inductive-capacitive 'tank' circuit 

of an oscillator, and the variation of the volume of water within the 

plates caused the capacitance, and hence the frequency, of the oscillator 

to change. This frequency was 'mixed' with the output from a constant 

frequency oscillator and the resulting 'beat' frequency was measured with 

a direct reading frequency meter (Fig. 4.11). The '·beat' frequency was 

3 -1 calibrated against the rate of flow of water, in m s , and a knowledge 

of the effective collecting ·area of the funnel gave the rate of rainfall. 

The device worked very satisfactorily while under brief test in the 

laboratory, but the simple design of the oscillators meant that the circuit 

was very unstable and difficult to zero. 

This trial execution of the idea, although proving unsatisfactory 

for the field, showed real promise and it is hoped that the principle 

will be developed to produce a worthwhile instrument. 



Fig. 4.11. Thcz ratcz of rainfall mcztczr .. 
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Fig. 4.12 The instrumentation in the S~~ool 
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CHAPTER 5 

THE A...l';J"ALYSIS OF lli""E MEASUREMENTS OF PRECIPITATION ELECTRICIT"f 

5.1 Data processing 

The nu_merical analysis of the raw data was undertaken on the 

Northumbrian Universities Multiple Access Computer (NUMAC), an I.B.M. 

"}60/67. For this puryose the author wrote his own programs in Prograrmning 

Language One (PL 1), with the exception of those for the Graph Plotter 

unit which required the Fortran IV Language. The author is indebted to 

the staff of the Durham University Computer Unit, ·without whose advice 

and assistance this work would have been impossible. 

5.1.1 Conversion of the raw data 

Measurements were made, using the automatic recording system, 

during 32 periods of quiet rain. The majority of these periods involved 

the re~ording of four- parameters: potential gradient, total air-earth 

current, space charge density and the rain current to a shielded collector. 

The last constituted a part of an experiment which was being conducted by 

a colleague of the author's. On ten of the occasions both polar conduc-

tivities were also measured, and .on five occasions only two variables, 

potential gradient and total air-earth current, made u:p the record. 

The calibration of the digitising system was achieved by comparing 

the punched 3-digit count nillnber with t..he meter reading of the vibrating 

reed electrometer (V.R.E.) for a known voltage applied to the resistor 

in the V.~.E. head unit. The voltage was derived from a ·specially designed 

zener-regulated power supply with temperature compensation. In this way 

the res is tor (nominally 10
10n or 10

12 n) was indirectly calibrated. 

Corresponding values of voltage and count, from full- scale negative to 
f 
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full-scale positive, were noted and the line of best fit between the 

two was obtained by the method of least sq~res. This method is one of 

maey scientific subroutines which are available, ·on call, with I.B.M. 

)60 Operating System. 

For the potential gradient calibration, the output of the field mill 

w.s varied by changing the voltage to the bias plate (Sect. 4.).1). The 

count obtained w.s compared with the amplifier output current, indicated 

on the chart recorder, which had been calibrated in terms of the 

potential gradient by SHARPLESS (1968). In 9 months there was no 

discernible change in aey of the calibrations for the overall system. 

The first job of the computer was to read the digitised data and 

to fit it to the calibration equations, giving its output in the more 

-1 -2 
familiar forms of so many Vm , pA m and so on. This completed, it 

was possible to proceed to the computation ar conduction and displacement 

currents, and hence to the computation af the precipitation current. 

5.1.2 The computation of conduction and displacement currents 

Two different approaches were required to estimate the instantan-

eous conduction current. In the cases when six parameters were being 

recorded, this current was calculated from the product of corresponding 

values of potential gradient and total conductivity. Otherwise readings 

were taken from the conductivity chart recorders every 15 minutes, and 

the average value of their sum, for the recording period, was substitu-

ted into the product. This latter course was not felt to be unduly 

inaccurate as observation showed that both conductivities remained fairly 

constant during qu,iet rain and variations were less than -k -of full-scale 

on either side of the average. This represented a value of about 

± 2 X 10-l5 n-lm-1 which, for a potenti,al gradient of )00 Vm-1, gave a 



-2 discrepancy of less than l pA m 

On the other hand, the accm·acy of the computed displacement current 

was of major consequencev It w-as stated, in Sect. 4. 4. 2, t.bat a form of 

partial KA.SEMIR (1955) compensation for displacement currents was 

employed and a careful study of the measur·ement tec1LTJ.ique is essential. 

Wher~ the system was recording two parameters it .sampled, alternately, 

potential gradient, PG, and the total air-earth cur-.cent, AEC, 1vith a 

time interval a, of 3s, between each. TI1is is represented diagrawnatically 

in Fig. 5-l(b) where the system is assumed to have reached the Nth 

samples, PG(N) and AEC(N). The total air-earth current comprises three 

component currents: conduction, displacement and precipitation. It is 

assumed that the precipitation and conduction currents remain unchanged 

in the period a < t < 3a, which corresponds to the interval between 

samples AEC(N -1) and AEC (N), and that step changes occur between 

intervals. These t-wo currents will be considered together and denoted 

by J(N). However, by virtue of the fact that the potential gradient is 

sampled durir!g the period 0 < t < 2a, it is possible to split the 

displacement current into two parts. One part, DISPA, is derived from 

the average displacement during the period 0 < t < a and the other, 

DISPB, from the period a < t < 2a (Fig. 5-l(b) ). Displ.acemen t current 

density is given by: 

DISPA = d 
- e: o dt (PG) 

In this present. terminology the average displacement current may be 

determined by: 

DISPA(N):.: - e: 
0 

(PG(N) - PG(N-1) )/2a 

T:.rJ.is value, and the value for DISPB(N), were calculated by the computer. 

The integrating effect of the resistance H and capacitance C in a 

parallel netw-ork (Fig. 5.1) coupling the total air-earth collector to 
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ground, may now be considered. If a steady current i, steady ·in that its 

changes are slow compared to the sampling interval, flows into such a 

collector then: 

·'. i = 1. + ~ 
dt 

where i' is the current through R, V is the potential difference across 

R and·t represents time. By elementary circuit theory, thts may be 

rewritten as: 

i'= i + ~ exp{ -t/RC} 

where A is a constant determined by boundary conditions. 

Putting the steady current i equal to the sum DISPA(N) + J(N), 

the measured current iA 1 through R is given by: 

iA 1 = DISPA(N) + J(N) + A~ exp {-t/Rc} 0 Ei; t <a 

When t = 0 

i A I = AEC ( N - 1) 

This is the previous measured sample. 

Substituting for iA 1 and rewriting the equation: 

A1 /R = AEC(N- 1) - (DISPA(N) + J(N)) 

and substituting for A 1/R back into the general equation: 

iA 1 = DISPA(N) + J(N) + (AEC(N-1)-DISPA(N)-J(N)) exp {-t/Rc} 

O<t<a 

Now at t = a, the measured current is iA" where: 

• I (t ) • lr_ 1A = a = 1A- DIS:J;>A(N) + J(N) + (AEC(N-1)-DISPA(N)-J(N)) e~-a/Rc} 

For the period a .s;; t < 2a, the current through R is given by 

A" { } iB 1 = DISPB(N) + J(N) + R exp -t/RC 



Fig. 5.1. Tha currant maasuramants. 
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When t:::: a: 

i I:: • II 

B 
1
A 

so that, substituting for iB' : 

~" == ( iA" - DISPB(N) - J(N) )exp {a/RC} 

and, in turn., for A"/R 

iB' = DISPE.(N) + J(N) + ( iA" ~ DISPB(N)-J(N) )exp {(a-t)/RC } a < t < 2a 

At t = 2a, substituting for iA" from above: 

iB' a DisPB(N) ( l - exp { -a/Rc} } J (N) ( l - exp{ -:; }} DISPA(N) 

(ex~-a/Rc} -.exp {-~ }) + AEC(N-l)exp {-2a/Rc} 

This expression m.ay be rewritten to give the steady current J(N), and 

hence the precipitation current PPN(N), in terms of the present and the 

previous samples of the current through R, that is AEC(N) and AEC(N-1), 

and the computed conduction COND(N), and displacement currents. For the 

RC. network used, the product RC was equal to 20s and the sampling period 

a, was 3s. Substituting these values in the equation above yielded the 

expression used by the computer to give the Nth value of precipitation 

~2 
current, in pAm , as: 

PPN(N) = 3.85 x AEC(N) - 2.85 x AEC(N-1) - 0.46 x DISPA(N) - 0.54 x 

DISPB(N) - COND(N). 

Similar equations were derived for the cases when four and six parameters 

were recorded. 

The two series PG(N), PPN(N) (N = 1, 2, 3 ... ea •• ), of potential 

gradient and precipitation current: were put on punched cards by the 
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computer for input to the graph plotter at a later datee This enabled 

the author to obtain a visual display of his record and an example is 

shown in Fig. 5· 2. After a few recordiP.g periods had been plotted in 

this way it became obvious that the computed compensation for displacement 

currents was not always accurate and investigation sho~d this to be due 

to an effect known as 'aliasing'. 

5.1.3 Aliasing 

This problem is an unavoidable consequence of the nature of 

discretely spaced records, and does not occur for continuous records. 

It is illustrated by an example in Fig. 5·3 where it can be seen that 

equally spaced time samples from any cosine wave might have come fran 

each of many other cosine waves. These are aliases of one another. 

Consider the case when the change in potential gradient is a cosine 

wave (Fig. 5.3). It is not possible to det€rmine, in theinterval a3 to 

a 4, whether it is following the faster or the slower changing wave form. 

The average rate of change of potential gradient over tbe· ·period is the 

same in both cases. The air-earth current is sampled at the mid-point 

of this period, but the displacement current, which contributes to this 

sample, depends on the rate of change of potential gradient at that 

instant, and, in this example, it could have two ver.y different values. 

It is not, therefore, possible to compensate reliably for displacement 

currents unless certain precautions are taken to prevent aliasing. 

In a discrete~ spaced record, of interval t, if the frequency of 

l 
chan~ Fn of ~ parameter is greater than 2t then aliasing will occur 

(see BLACKMAN and TUKEY, 1958). Here F is the folding, or Nyquist, n 

frequency. It is necessary, to prevent aliasing, to ensure that no 

frequency exists in the record being sampled, whiCh is greater than F 
n 



Fig. 5.2 Computer drawn record of potential gradient 
and precipitation current (x-x) 
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and the best way to achieve this is to make t.he cut-off frequency of the 

instrwnent equal to the fold:ing frequency of the sampling period being 

employed. 

This effect came to the author's notice only after near~ all his 

records were taken, and, as an alternative course of action, it was decided 

to apply a low-pass digital filter to tl1e sampled data, before compensation 

for displacement currents was undertaken. The filter selected involved 

smoothing the records with weighted averages of the form: 

PG(N) = O. 25 x PG(N-1) + O. 5 xPG(N) + 0. 25 x PG(N + 1) 

This technique is k..11.own as 'Hanning', and is named after the Austrian 

meteorologist, Julius von Hann. The filter proved effective in reducing 

the errors due to aliasing and, thereafter, no exaggerated. displacement 

effects could be detected in the plots of precipitation cu:rrent. 

5.2 The statistical anaJ.Y.si.s .of .. time-series in the 
time domain 

This section outlines, and reappraises, some of the statistical 

methods which have been used to studlf phenomena of Atmospheric Electricity 

in the time domain. A basic understanding of' the concepts of statistics 

is assumed and neither t.h.e mathematical derivations nor any justification 

for usage will be given. All the functions discussed are included, in 

general forms, in the Scientific Subroutine Package on I.B.M. 360 o.s. 

and may be applied to individual tasks by the substitution of the user's 

values into variable key parameters. 

5.2.1 Correlation coefficients 

The observations of pairs of variables, x. andy. may be written 
l l 

purpo13e is to discover whether or not there exists sane f u..11.ctional 



68 

relationship between the two variables, that is, if' y = f(x). For a 

simple case this function might be linear, so that any deviation of 

the observed points, (x.,y.), from this straight line will be due to 
~ ~ 

inaccuracies in measurement or similar errors. For a linear relation, 

the correlation coefficient for the whole population of N pairs of 

variables is given by: 

r = 
l 

Ncr a 
X y 

N 

I (x. - x)(y. - y) 
~ ~ 

i=l 

where x,y are the means of x,y and a , a are the standard deviations 
X y 

of the two populations. Th[s coefficient varies between -1, representing 

an absolute inverse relation, to +l, indicating an absolute direct 

relationship between the two variables. A coefficient r = 0 implies no 

association. The value of r
2 

gives the proportion of the variability in 

y which can be accounted for by a change in x. For example, if' .. r == + 0. 8, 

then 0.64 of the variability of y is due to x, and th~ remaining 0.36 

is due to other influences.· 

The statistical signific~~ce of r may be tested by the variance 

ratio test or by 1S.tudent 1 s 1 t-test ( QUENOUILLE, 1950; BROOKS and 

CARRUTHERS, 1953) • 

5.2.2 Regression lines 

If either x or y can be assumed free from error, it is a straight-

forward matter to calculate the line of best fit between the two by the 

method of least squares. For x free from error, the regression l:ine for 

y on x is given by: 

y- y = 
a 

r J. (x - x) a 
X 



and for x on y: 

X- X = r 
a 

X 

a 
y 

(y - y) 

These two lines intersect at (X., y), and the ratio of their slopes is 

2 
r • equal to 

In the case of pairs of measurements in Atmospheric Electricity, 

both variables are prone to error and we must resort to the method of 

MOmAN (1960) in order to obta:in the liP..e of best fit. Here, the absolute 

errors, a 1 and a 1
, in the two variables must be estimated to give the 

X y 

relative errors: 

a = 
X 

a ' 
X 

a 
X 

and a = y 

K is a parameter defined by: 
a 

K c 
0: 

or a 
K 

y 
= --a 

X 

The line of best fit is: 

(y - y) = 

X 

y 

2 

for O< 

for O< 

a 
c .1. 

a 
X 

(x - x) 

I 

a I 

_][_ 
a 

y 

a 
X 

a 
y 

a 

I 

1!1 
X 

"' l 

~!iii l 

l 
where c lies between r and- and is given by the equation: 

r 

(k + 2) c
2

- 2r (k + l)c + k= 0 

This method will be employed to obtain the regression lines of the 

records of potential gradient and precipitation current. 

5· 2. 3 Cross~correl.ation coefficients with time la_gs 

The pairs of observations, (x., y.) mentioned in Sect.5.2.1, may 
]_ ]_ 

both be time dependent, and it is also possible that the maximum associa-

tion between them may occur for p9.irs of values (x. ,y_. 1- ) , where s ]_ ]_- s 

indicates some time lag of y behind x. In this work the maximum cross 
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correlation is of more consequence than the instantaneous correlation 

coefficient r(O). The· ·cross-correlation coefficient ~s given by: 
N-S ,_ 

r(s) = Ncr~cry I 
:i=:t 

and s = 0, ± 1, ± 2, •••••••••• ± L, where L is the maximum lag number 

and is necessarily less than N, the effective length of the record. 

If the maxi~um cross-correlation between two parameters does occur 

for s not zero (for example, Fig. 5-4(a)), it will be necessary to offer 

a physical explanation for the time lag or lead. 

The validity of the cross-correlation function for records of 

finite length is discussed in SectB. 5.2.4 and 5.2.5. 

5.2.4 The autocorrelation function 

As a special case, the cross-correlation of a single time series 

with itself may be calculated for different lags. This is k.no"Wn as 

autocorrelation and the normalised coefficient is given by: 

c (s) r= _.l_ 
x Ncr 2 

X 

N-1 

I ( x l - x) (xi +s - i) 
:id 

for s = 0, + 1, + 2, ••••••.••••• + L. 

This function gives us information about the persistence of the 

series by the degree to which subsequent values ~;:~.re dependent on their 

predecessors. The extent of the persistence will be indicated by the 

behaviour of c (s) with s (Fig. 5-4(b)). For high persistence c (s) 
X X 

will be lar@er for a particular value of s than for low persistence. 

The vari~tion of cx(s) with s can also indicate the form of the process 

which generated the time series. For example, the autocorrelograms for 

linear processes and for second-order autoregressive schemes have basic 

differences in Shape, but the details do not concern us here. 
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The concept of autocorrelation has been used by COLLIN, GROOM and 

HIGAZI (1966) to illustrate the electrical 'mentory' or persistence of 

the atmosphere. Their work shows that observations of conductivity 

include some significant i~~luence from the conditions extapt up to 5 

minutes previously, and, as a consequence, repeated measurements taken 

within this period are not truly independent. The theory of the statis

tical functions is usually based on the independence of the observations 

and it is evident that care must be exercised When making repeated 

measurements of a parameter with a long autocorrelation interval 

(AWE, 1964 ). 

The autocorrelation function will be used extensively in the 

variance spectrum analysis methods discussed in Sect. 5·3 et seq. 

5· 2.5 The nature of phys_ical data 

Ar~ observed data representing a physical phenomenon can be 

broadly classified. as being either deterministic or random. Deterministic 

data are those that can be described by an explicit mathematical relation

ship and for which an accurate prediction of future behaviour may be 

made. For example, ~he potential across a condenser discharging through 

a resistor, or the temperature of a volt.nne of water to which heat is 

beir~ applied, are basically deterministic. 

On the other hand, there is no way to predict an exact value at a 

future instant of time for random data. These data must be described 

in terms of probability statements and statistical averages, rather than 

by explicit equations. In general, observations in Atmospheric Electricity 

yield such random data. It is further necessary to divide random data 

into two distinct categories: stationary and non-stationary. Qualita

tively, a stationary series is one which is in statistical equilibrium 
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in the sense that it conta~ns no chan~ in its mean value or variance 

with time, whereas the statistical properties of a non-stationary series 

are continuously changing. Realizations of three non-stationary processes, 

and one stationary process, are shown in Fig. 5·5· 

These considerations are important in that, at the present state of 

the art, an adequate probability theory exists only for stationary random 

data analysis and the analysis of non-stationary data, such as we are 

dealing with, relies on the ability to reduce the data to weak stationarity 

in order to approximate to the desired stationary state. This can be 

achieved by removing trends in the running mean of the data series. The 

principles underlying the probability theory are outside the scope of 

this thesis and only those practical techniques are adopted which are 

~nerally accepted as valid for the type of analysis being undertaken 

here. A full discussion of this topic may be found in the literature 

(BENDAT and PIERSOL, 1966; JENKINS and WATTS, 1968; KORN, 1966). 

5.2.6 .The.-effect;3 .D.f ___ non-stationarity on the statistical functions in 
·the time domain 

If two time series, of the type shown in Fig. 5·5(c), both with 

increasing trends in the mean, are submitted to a cross-correlation 

analysis, the fact that the corresponding values in each are increasing 

will enhance the coefficient obtained. If it is desired to gain informa-

tion about the joint behaviour of these series on a time scale shorter 

than t_h.e record length, then -the trends in the means will cause a 

s~rious overestimate of'· the press-correlation coefficient and the trends 

should.-be removed before the analysis is started. 

On the other hand, if the time scale of interest is of the same 

order as the record length it will be seen that considerations of the 

autocorrelation for each series will probably reduce the number of 



Fig. 5.5. Random data s~ri~s. 
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independ~nt values to a level Where a signif'i.cant analysi.s can__rl.ot be 

completed. I-t would be necessary to increase the rec.ord length by a 

considerable arnount to obtain sufficient data for this purpose. The 

definitive work on plam1i:ng for a time series analysis is BLACKMAN and 

TUKEY" (1958), and it is feared that some workers in Atmospheric Electricity 

have proceeded with such analyses without being aware of the existence of 

problems of the kind indicated above. 

However, when due cognisance is taken of these argwnents, the 

statistical functions are powerful tools for discovering the relationship 

between; for example, potential gradient and precipitation current in 

the time domaino A more complete picture will be derived if, in addition, 

the records are analysed in the frequency danain, and this constitutes 

the subject of the next sections. 

5· .3 The analysis of time series in the frequency domain 

T:.'1.is part of the work is concerned with the application for the 

f'i:r-st time, to the author's knowledge, of variance spectrum analysis 

techniques to Atmospheric Electricity. The aim is to determine whether 

the fluctuations in the electric elements associated witb_ quiet rain 

clouo.s. are completely random or whether they are ordered in some manner 

which is not obvious f:r·an the records. Briefly, the analysis has been 

applied extensively to some geophysical problems in the last 15 years 

and its rr~jor spheres of influence have been the hydrodynamics of 

oceanography and the problems of boundary layer turb u~ence in micro

meteorologyn l'IJ.Bny examples may be four.d in the literature. 

Precedence in geophysics is. not, in itself, a sufficient reason for 

the adoption of an analysis technique, but the work of ACKERMAN (1966) 

on the water co:r.tent of clouds, suggests that it might offer an objective 



study of the sort of time series encountered in Atmospheric Electricity. 

5·3·1 Gener~l ~rirciples of §Pectrum analysis 

The power spectral density function for random data describes the 

general frequency composition of the data in terms of the spectral 

density of its mean square value. This is known variously as the variance, 

power, or energy spectrum. It LDvolves the use of Fourier techniques 

which are assumed to be sufficient]¥ commonplace not to warrant explana-

tion here. (General reference: BARBER, 1966). 

The determination of the spectrum is based on the fact that the 

power spectral density function is equal to the Fourier transform of the 

autocorrela-tion function (Sect. 5.2.4). ·Given x(t), a: continuous series 

with zero mean and of infinite length, the autocorrelation C (s) is by 
X 

definition: 

C (s) = 
X 

· Limit 
T-+ oo 

T/2 

l 1 x(t). x (t + s) dt 
T -T/2 

where s is the lag in time. The spectral function is the Fourier ·transfonn 

of C (s): 
X 

L(f) == 4/cx(s) • cos(2n: fs ).ds 
0 

LD practice, the series are not infinite and have generally been 

evaluated at discrete intervals of time. It is necessary, therefore, to 

adopt a numerical approximation to the integrals in order to make 

digital computation possible. 

5·3·2 Numerical approximations 

The first step is to replace the continuous series, x(t), by xi, 

where i= l, 2, ••••oeN, and the interval between i's is .6t. The 

numerical approximations to the integrals are fully discussed by BLACKMAN 



and TUKEY (1958) and are of the form: 

C (s) = 
X 

and 

L(h) c 

where 

and 

N-:s 

I-. (xi) (xi +s) 
1 

N-S 
id 

M 
l I t) s· C ( s). nhs 
M 

cos--
M X 

S:=O 

E: = 1 for s = 0, M s 

0 == s 2 for s + 0 1 M 

s = 0_.1,2, ••••••• M 

h= o_,1,2, ••••••• M 

and s and h are the lag and t~rmonic numbers respectively. 
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Simply, the average contributions to the variance, or power, L(h), 

are obtair..ed for M + 1 frequency bands, each identified by the central 

h 
frequency 2~t • These bands are of width 

h = 0 1 m which have half the width. 

1 
df ~ ~t , except for 

As a consequence of t.."h.e finite length of the series it is not 

l 
possible to identify frequencies exactly and, on occasion, a particular 

frequency may fall_.at the edge of one of the frequency bands with the 

result that the contribution to the variance in that band is inflated, 

whilst the variance in the adjacent bands is depleted. This is known :: .~ 

as 'leakage' (BIAC".tCMAN and TUKEY·, 1958) and compensation is effected by 

smoothing the spectrum by t.."h.e Hannir~ technique (Sect. 5.1.3), thus: 

U(h) = O. 5 L(h) + O. 25 [ L(h-1) + L(h+l)] 

This technique is standard. 



5·3·4 Aliasing 

This problem, encountered in Sect. 3.15, recurs again in the 

variance spectrum when frequencies approach the folding frequency. Here, 

leakage from higher frequencies across ~he folding frequency result in 

spurious contributions to the variance and the easiest way to deal with 

this problem is to ignore the estimates of U(h) near to the folding 

frequency. 

5·3·5 1he design of a spectral analysis 

It is possible to specify, in advance, how much data and what 

sampling interval are required to ·give good frequency resolution and a 

good spectral ~stimate in the frequency range of interest, and without 
I 

leakage and aliasing becomi~~ excessive problems. Such planning ahead 

is desirable but in the present work the length of record was dependent 

upon the duration of rain, and the sampling interval was fixed at that 

of the automatic recording system. So we must examine the converse 

approach and determine how far we can take the aP..alysis without meeting 

discrepancies due to leaka@e and aliasing. 

5· 3· 6 The UI?J2er frequency limit for the spectrum 

Aliasing will occur for the frequency: 

f ;;;,. l 
~t 

where bot is the sampling interval, and for this work was usually equal 

to 6s. Thus the upper frequency limit for the spectrum was about 0.1 Hz. 

5·3·7 Frequency response 

A critical parameter to be considered in the interpretation of the 

spectrum is the frequency resolution, given by: 



77 

where M is the maximum lag nUlllbe r. An oscillation which contributes 

significantly to the var:iance may go undetected. i.f there is inadequate 

resolution in the spe_ctrum. If the elementary bandwidth, df', is one half 

or more of t.lle :frequency separation between two oscillations, they can..YJ.ot 

be resolved in the spectr-um, and will appear as a single contributing 

region. As di' decreases below this value the two oscillations will start 

to separate. The concb1sions·· which may be drawn from a variance spectrum 

may be taken to ind.icate the presence of an oscillation at that frequency, 

but the absence of a peak is not sufficient evidence to conclude that 

that frequency does not contribute to the var:iance. 

The frequency resolution, di', varied from record to record and the 

value of M, the maximum lag number, was arbitrarily set at 
4~, where N· 

is the number of measurements in the record. This value, 
4~, ll.as no 

theoretical justification but was employed to prevent the instabilities 

~1ich arise in the spectrum as M approaches N. It will be seen that 

the longer the record the better is the frequency resolution. 

5·3· 8 The removal of low· .frequency trends 

The measureme-nt of a tmospheri.c electric parameters nearly always 

involves trends in the means of these observations. This causes a large 

proportion of the power of the spectrum to pe concentrated in the lower 

frequencies, with consequent loss of resolution. at higher frequencies. 

In view of the fact that, at the outset of this work, it was not know.n 

wt:.ich frequency :range would be of greatest interest, it was decided to 

compute spectra both wit:.I'J. the tr·ends present and with them removed. 

The example (Fig. 5.6) shows a rough plot of the original potential 

g..."YB.dient :record (No. 8. 4 - 27/2/69) and the fil.tered series with the 
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trend removed. Compression of the time scale has reduced the fine detail 

Which was on the record, but this is brought out in the filtered series 

spectiel estimate, where the frequencies 0.9, 1.45 and 1.99 cycles per 

minute give significant contributions to the variance. 

Several techniques are available for removing trends and the one 

chosen for this work was the application to the data of a high-pass 

digital filter of the form: 

X. I= 
~ 

X. - X. l 
~ ~-

This is sometimes referred to as 'preWhitening' (BLACKMAN and TUKEY, 1958) 

and derives its name from the desire to make the spectrum more like that 

of purely random 'white' noise, rather than the 'red' noise spectrum 

obtai!l..ed from data with a degree af persistence (Fig. 5· 6 ). 

5·3·9 Testing the significance ·of ;peaks in the spectrum 

·A rough test of the significance of peaks in the low frequency 

spectrum can be made by computing the underlying autocorrelation, or 

'red' noise SJ;eCtrum, for the data. The assumption is made that the 

variance is distributed as Chi-square about this spectrum and, if the 

variance spectrum. is plotted on a logarithmic scale, the ordinate lengths 

of the upper and lower confidence levels are constant aver the Whole 

frequency ~n@e (Fig. 5·7). The values of these levels are given by: 

X2 (a) • U(h) 
. _DF -· 

x2 
( 1oo-a) • u(h) 

DF 

Here X~ whi~h is given in all statistical tables, is a function of DF, 

the number of degrees of freedom,which is approximately given by 2: 

(JENKINS, 1961). N is the number of observations and M is the maximum 

lag number. 
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A similar test can be adopted for the filtered series spectrum. 

5·3.10 Harmonics 

The occurrence of multiple peaks in the spectrum raises the 

question as to whether some might not be harmonic oscillations of a 

longer w-ave component. They may be real, but this is very· d.iff icult to 

establish and tf peaks do occur having a central frequency which is a 

higher multiple of some other frequency, then these peaks should be 

ignored. 

One frequency component is nearly always present in the spectrum 

and this corresponds to the length of the record.being analysed. It 

should also be ignore d. 

5·4 Cross-spectral analysis 

The corccept of a c:r·oss- spectral density function for two sets of 

random data evolves directly from the, cross-correlation function. As the 

po~.rer spectral density function for a single time history record is the 

Fourier t:ransfrm of the autocorrelation function, so the cross- spectral 

density fu!lctio:n for a pair of time history record.s is the Fourier 

t:ran6fo:m~ of tb.e cross-correlation function. 

These considerations allow us to analyse the cross-correlation 

between two seri<::s in the frequency domain. The cross-correlation 

coefficient in the time domain is made up from the net effe.ct of the 

cross-correlations over the whole frequency spectrum, and it is possible 

that a significant proportion of t..h.is correlation is carried by one .• 

or more 1 particular frequencies. This would be of great consequence in 

a study of the processes relating precipitation current to potential 

gradient. 
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The cross-sp:!ctrum can be presented as a phase spectrum, indicating 

the relative phase between corresponding frequencies in the two series, 

and as a coherency spectrum which indicates the correlation of the 

amplitudes of var:iance for corresponding frequency components. 

5· 5 A summary 

The methods outlined have been adopted in an attempt to gain new 

knowledge of the processes governing the electrical effects of quiet 

rain. It must be stressed that many of the techniques of spectral 

analysis are still being developed and are the subjects of much contro

versy amongst specialists in t..h.is field. It is felt, however, that 

here is a powerful tool for the analysis of Atmospheric Electricity 

measurements and that workers in this discipline should keep in touch 

with developments. A modern 'fast' Fourier transform program, for 

instance, can cut the 30 minutes computing time taken by the author's 

programs to a mere 7 seconds. 
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CHAPTER 6 

THE PRECIPITATION ME:ASUREMENTS AND THElR RESULTS 

This chapter is deYoted to the results of an a,nalysis of measurements 

made in electrically 'quiet' precipitation, the conditions for which have 

been outlined rr" Sects. 2.3.1 and 2.3.2. The investigation extended from 

J'a.nua...ry 1969 to June of the same year and included periods of rain and 

snow. In all, 32 individual records were taken, giving more than 57 

hours of data. 

6.1 The record.s 

6.1.1 The procedure for recording 

On ma...TJ.y occasions a timely forecast of the development and arrival 

of a warm front ~rer Lanehead was obtained from the Meteorological Office 

Weather Centre at Newcastle. The author is indebted to the staff of the 

Centre for their assistance and interest as well as for their consistent 

accuracy. It was often possible to arrive at Lanehead, from Durham, well 

before the onset of rain and when this \vas the case the instruments were 

switched from their fair weather ranges (Chapter 7) and the zeros were 

checked. If J however, the rain had started the zero checks were deferred 

until t.'he end of recording. On no occasion was there found to be any 

significant zero error and this can be attributed to the fact that the 

instruments were perma..11ently in operation and required no time to settle. 

When precipitation commenced, the automatic recordi~~ system was switched 

on and checked to ensQre that it w~s sampling and cycling correct~. 

A visual check of the instrument outputs was also rmde. 

On beir"g satisfied that recording was proceeding satisfactorily, the 

next task was to set the sensitive c4p-anemaneter on a 2m stand on ground 

adjoinli!g the Atmospheric P'tl..ysics plot, and to deploy the sky photometers 
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along the line of the wind. The distance between the two vertical photo

meters, from which the horizontal cloud speed can be estimated, was 

detennined. by tape-measure, and was usually about 60-100 m. The four

channel pen recorder, used to monitor the anemcmeter and photometer outputs 

was then set in motion and the remainder of the recording period was taken 

up by keeping an eye on the behaviour of the instruments. This required 

no. action on the part of the author except on :rare occasions; for example, 

a wet leaf once fell across the top of a photometer, causing its output 

to fall to zero. 

At the conclusion of the precipitation, or when the necessary condi

tions for 'quiet' rain were not fulfilled, the record was terminated and 

the 1-hour recording system was reinstated. 

6.1.2 The atmospheric electricity results 

The precipitation electricity results are summarised in Table 6.1, 

in line with general practice, by computing the means and standard 

deviations for each of the parameters, in this work for potential gradient, 

precipitation current density ·and space cha:r·ge density. The cross

correlation coefficients of max:l.mum association between potential gradient 

and precipitation cu:r·rent, and potential gradient and space charge, are 

also given and demonstrate that the results obtained are in accord with 

previous work. Most of the coefficients for potential gradient with 

precipitation current are negative,· indicating a general inverse relation

sh-ip (SIMPSON, 1949), and, more often than not,the-'J!IB.Ximum association 

occurs for appreciable t:l.me differences between the two parameters. This

was also found by RAMSAY" and CHALMERS (1960), who further suggested that 

the relationShip between potential gradient and precipitation current 

was probably not lLYJ.ear. The frequency-domain analysis (Sect. 6.3) has 



confinned this view and the author has refrained fran deriving a linear 

lLDe of best fit on eaCh record for ~his reason. 

The cross-correlation coefficients for potent :ial gradient with space 

char~, on the other hand, are all positive and corroborate the results 

of SF..ARPLESS (1968). In general, the coefficients are smaller than those 

of Shar-pless, but this is because his measuremmt.s were made with pen 

recorders which, by virtue of the inertia of the pen, attenuate the faster 

variations. As a trial, one of the digital records from the automatic 

recording system, ~ich had a cross-correlation coefficient of + 0.85, 

was filtered to remove higher frequencies and the coefficient was 

increased to + Oo90a 

6.1.3 The meteorological observations 

A summar,y of the meteorological conditions for each recording 

period is given in Table 6. 2. The wind and cloud measureme..n ts were made 

at Lanehead by the methods outlined in Chapter 4, and the air temperatures 

were taken from a thermometer in the Stevenson Screen in the grounds of 

the school. Tb.e estimates of the heig]l t of the 0°C isothenn were obtained 

by interpolation between the temperature and pressure observations issued 

by the Meteorological Office in their DaiJ~ Aerological Record. 

6.1.4 A record of interest - 5-6 February, 1969 

The record 'IR 6, drawn by the computer, is shown in the two 

photographs of Fig. 6.1 and covers the period 2255 Z (5.2.59) to 0520 Z 

(6.2.69). In this time a depression moved across northern England from 

the N.W. The first hour and a half of the record shows conditions of 

precipitation from altostratus and indicates little electrical activity. 

The second part of Fig. 6.1 contains that portion of the record -vrhen the 
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precipitation was from nimbostratus; it is a good example of the mirror

image effect (SJMPSON, 1949). This period of electrical activity was 

terminated with the ps.ssing of a weak warm front and there followed 

3 hours of continuous rainfall ,.m.ich was orographic in origin. This 

period, the third part of Fig. 6.1, was interspersed with brief bursts of 

activity probably origin..a.ting in cumuliform clouds which are a feature of 

the warm sector. The last part of the record shows a considerable increase 

in activity as the heavier precipitation associated with the cold front 

arrived. The rain tu:r.·ned to snow at this juncture and ew..a.nced electrical 

effects were observed, which became too violent for the instrument ranges 

being used. 

Most of the other records exhibited similar behaviour for similar 

weather con.ditions, but this record is the only one which might be 

regarded as typical of the electrical conditions for a complete frontal 

system. 

6. 2 Anal.ysis of the data in the frequency._ domain 

6.2.1 Peaks in the variance spectra 

It was explained in Sect. 5·3·9 that a statistically significant 

peak in the variance spectrum can be taken to indicate an important 

contribution to the variance by a particular frequency band. The central 

frequency of such a band defines the frequency of the periodicity which 

gives rise to t..l"le peak. All the records were analysed by computing the 

variance spectra for potential gradient and precipitation current, and, in 

all. cases, one or more significant peaks were obtained. The frequency 

histograms of the periodicities, in·steps of 15 minutes, are shown in 

Fig. 6. 2. 

The periodicities are not isolated events in their own right, but 



TABLE 6.1 Precipitation electricity measurements 

I 

Record Date Potent :ia.l gradient Precipitation current Space char@e density Cross-correlation 
...... ·-· 

No. (1969) (vm.-l) (:pA m-2) (pC m-3 ) 
coefficients 

Mean .std.. .de:v. Mean Std. dev. Mean Std.dev. r12 rl3 

3/1 3-8 46 * 1 -241 272 5·7 -70 -0.48 0.91 
4 8/1 - 55 178 1.9 1.0 -31 20 -0.89* o. 97* 
5-l 12/1 -580 3o6 45.2 26.1 0 40 -0. 74* 0.65* 
5-2 " -112 381 35·4 26.7 27 27 -0. 85* 0.72* 
5-3 " -245 380 30.7 20.4 89 162 -0.82* 0.59* 
6 5/2 -155 187 21.3 25.0 - - -0.41 -
7·2 7/2 253 61 -10.6 10.9 - - -0.58* -
8.1 27/2 243 13 - 2.0 1.4 - - -0.31 -
8.3 " 262 148 -14.6 6.2 -0.31 - - -
.s. 4 " 125 .119 -25.2 14.1 0.38 - - -
9 24/3 14o 49 - 9.8 3·5 - - -0. 60* -

10.1 29/3 -174 230 1.0 25.6 - - -0.26 -
10.2 " -119 132 - 1. 2 4. 2 0.26 - - -
10.3 " -218 124 2.0 4.4 153 24 -0.51 0.85* 
10.4 " -518 220 - 9.4 33·9 201 47 -0. 66* 0.33 
10.5 " -314 207 - 1.2 1.7 -16 8 -0.46 0.59* 
11 14/4 -431 285 7o1 25·5 - - -0.48 -
12 21/4 '73 379 33.6 34·3 - - - -
13 7/5 - 82 197 6.3 9-9 - - -0.35 -
14 8/5 -245 142 2.9 14.2 -15 22 0.09 o. 79* 
15.1 25/5 - 33 21 - 0.8 0.6 - 4 5 -0.61* 0.50 
15.2 " - 94 73 0 2.0 -30 25 -0.48 0.50 
16.1 26/5. - 95 93 7·5 13.2 - - -0. 66-l!- -
16.2 " -106 90 12.2 23.8 -75 151 -0. 65* o.62* 
17.1 2/6 -184 256 3·5 7· 2 -43 33 -0. 84* 0.90* 
17.2 " -171 244 4.5 20.0 -81 103 -0.29 0.50 
18 20/6 - 98 157 7o0 8.1 4 19 -0. 78* 0.86* 

----- --

* 
denotes significance at 95% level of confidence 



fABLE 6, 2 The Meteor.ological Ob.servat:Lons 

Record Date Time (Z) Wind Cloud Air Temp. Height of 

No. (1969) Start Finish Direction Speed at 2rn Speed. Height at ground level 0°C isotherm 
(ms-1 ) (ms-1 ) (m) (oC) (m) 

l 3/.J 1915 2017 w 3 12 300 +3 360 
4 8/l 1718 1830 SE 3 5 450 +2 300 
5-l 12/l 1257 1425 E 8 - 0 +2 250 
5-2 " 1545 1620 E 8 0 +2 250 -
5·3 " 164o 1710 E 8 - 0 ·~·2 250 
6 5/2 2255 0520 NW 5 18 90 +2 230 
[.2 7/2 0945 1030 NW l 2 150 -7 0 
8.1 27/2 0945 1010 .NE l 15 750 -2 0 
8.) II 1025 1115 NE 2 9 360 -1 0 
8. 4 " 1145 1305 N 2 9 280 -1 0 
9 24/3 1830 1945 N l 8 580 0 150 

10.1 29/3 1330 1410 w 7 20 140 +4 700 
10.2 " 1725 1900 w 7 20 140 +4 700 
10-3 II 1905 2000 w 7 20 140 +4 700 
10.4 " 2040 2155 w 7 20 l4o +4 700 
10-5 " 2255 2320 w 7 20 140 +4 700 
ll 1!44 1220 1830 w 8 16 270 +7 1900 
12 21/4 1640 1815 NE 7 19 270 +2 1200 
13 7/5 1856 0032 SE 6 12 700 +8 1350 
14 8/5 0955 1030 s 5 - 0 +7 1600 
15-1 25/5 1918 2014 SE l .,..., 

150 +13 2200 r 
15.2 " 2035 2145 SE 3 -r 150 +11 2200 
16.1 26/5 0823 1000 SE 4 - 0 +8 1750 
16.2 " 1033 1153 w 7 0 +8 1750 -
17.1 2/6 1355 1455 sw 4 9 790 +10 2300 

117.2 " 1522 0210 sw 3 4 200 +10 24-00 
18 20/6 0720 1131 ESE 4 12 200 +10 2600 

I 
!__ 



Fig. 6.1 (opposite and aver) Record 6 (5 Feb.l969) 
of potential gradient and precipitation 
current (x-x) 
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represent variations superimposed on small, long-term trends in the para

meter records. SIMPSON (1949) describes wave patterns in his potential 

gradie!lt records during rain which varied in period fran a few mi!lutes to 

over 1~ hours. No ph.ysical explanation was offe:r;fed beyond the conjecture 

·that some differential displacement of positive and negative charge was 

proceeding in the cloud. A varying charge separation process is a possible 

explanation but it is likely that the physical dynamics of precipitation, 

determining the manner of arrival of the particles at the ground, is a 

more powerful factor in the precipitation current periodicities. 

WHITLOCK and C.FlALMERS (1956), using two field mills, found. that the 

pote:2t ial gradient patterns could be produced either by horizontal mot ion 

of the charges ov~r the observer or by vertical motion of the charges in 

the cloud. Meteorological studies of a warm front at PershoreJ Worcestershj_re, 

by BROWNING ~nd HARROLD (1969), have reveale<:l complex but recurring varia

tions of up-draughts and precipitation rates in the frontal cloud; 

electrical patterns on the same time-scale m~ well be associated with 

these variations. 

The majority o:f periodicities; for both parameters, are of relatively 

short duration, but this is particularly true of the precipitation current 

periodicities. It is suggested that the potential gradient periodicities 

are longer be cause of the spreadifl_g effect of w :L11d on the space charges 

which control the potential gradientand:because the field mill will be 

influenced by the charges as they approach and recede with the wind. 

The cases just mentio!led are for periodicities in the individual 

parameters, and in order to learn somet~ing of their correlated behaviour 

we must examine the cohe:re,ncy spectra. 
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6.2.2 Peaks in the coherency spectra 

The coherency spectrum expresses the cross-correlation between two 

time .series in terms of a frequency-dependent coefficient. An example 

shown in Fig. 6.3, from ~cord TR 15.2, typifies the spectra for all the 

records. Apart from the peaks at particular periodicities, it will be 

seen that the relationship between potential gradient and precipitation 

current is very complex and certainly not linear over the whole frequency 

spectrum. The form of the coherency spectrum indicates that the process 

which generates the observed effects is autoregressive, that is, it 

exhibits persistence (Sect. 5.2.4) and that it is a higher order scheme. 

A single order scheme, known as Markovian, has sane contribution from 

its immediately previous value; a second order scheme. has contributions 

from the two previous values and these contributions may be weighted by 

differing amounts. Such schemes produce recognizable coherency spectra, 

to which the example given is similar but not identical. It must be 

assumed that the process which we are seeking is of a higher order and 

extremely complex. The analysis required to uncover it is too protracted 

for the scope of this work. 

However, we may gain some information from the spectra obtained. 

Fig. 6.4(a) is an histogram of the number of statistically significant 

peaks in the coherency spectra expressed as periodicities in steps of 

15 minutes. It would be surprising if these peaks, derived effectively 

from coincident peaks in the potential gradient and the precipitation 

current variance spectra, were not representative of a process governing 

the -joint effec.ts observed in the two parameters. Their existence suggests 

that there is usually some regular 'cell'-·like electrical activity 

occurring in nimbostratus and this calls into question the various theories 

which assume, a priori, ~~ electrical quasi-static state. Evidence will 



be presented in the next section to show that a charge separation p:r·ocess 

occurs within the cloud. and so, here, the product of periodicity and 

c-loud. speed, for each record, is taken as a measure of the :physical size 

of the electrical cell. An histogram of cell sizes is sho~1 in Fig. 6.4(b); 

the mode is 10-20 km and more than 83 per cent of the cell sizes occur on 

the seale 0-30 k..m. 

It was thought that the cell sizes might be a fW1ction of aerological 

turbulence} but no ~:ela tionship could be discovered with a number of 

relevant meteorological parameters: wind speed, cloud speed and cloud 

base height. An index of tu:!:·bul.ence vias calculated from the rate of change 

of horizontal. 'nind speed with height but this showed no correlation with 

cell size or with the power in the two electric parameters as expressed by 

their variances. REITER (1968) discussest·he characteristics of precipitation 

electricity from stable and unstable stratiform clouds. 

The interrelation of electrical and meteorological effects must also 

be considered on the sub-synoptic scale, that is, on a scale smaller than 

the overall frontal system but greater th...an the sub-cloud scale. The 

present electrical measu:r-eme::1ts fall in the range 0~70 km because of the 

difficulty of obtaining, L~ a limited period, records of the type TR 6 

(Fig. 6.1) to give a meani:r.gful picture on a scale of 100 km or greater. 

The analysis methods adopted here will apply if sufficient data are 

available. 

The meteorological research into frontal raL11fall is being intensified 

with the establishment of Project Scillonia (MASON, 1969). The main 

objectives of the investigation are to study vertical air motions and the 

constit.ution and development of the clouds and their precipitation on four 

scales: synoptic (> 300 km spacing) 1 medium (100 km), srrall ( 10 km) and 

fine ( 0.1 to l !em). This fallows work by BUSHBY and TIMPSON ( 1967) who 
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developed a ten-level numerical model for predicting rainfall amounts on 

the synoptic scale, and BROWNING·and F..ARROLD (1969) who found coarse 

rainfall regimes on the scale of 100 km in frontal conditions. The draw-

back to this type of work is the long delay inherent in collecting 

measurements from a network of rain gauges which means that predictions 

can only be made a posteriori. It is suggested that precipitation 

el.ectrici ty measurements, which can be statistically treated in real-time 

by modern waveform anal.ysers, may. be an alternative method for studying 

cloud and frontal structure and could become a ready means for identifying, 

and hen~e forecasting, weather patterns. This view is supported, in 

principle, by REITER (1968). 

6 •. 2. 3 The phase spectra 

Fig. 6.5 is an example of the phase spectra which describe the phase 

relationship between potential gradient and precipitation current for all 

the data. series analysed. This example is taken from record TR 16. 2. 

For periodicities of 300 to 7000 s, the precipitation current has a phase 

1 d th t t . 1 d" t of 90°,· ea over ·- e po en la gra len there are exceptions which will 

be dealt with sh0rtly. If the periodicities are shorter than 300 s or . 

greater than 7000 s, t..lJ.e two parameters are in phase. 

The general form of the spectrum fits the predictions of a model 

for nimbostratus electrification which has been developed by a colleague 

of the author's, Mr. M. F. Stringfellow. 
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Fig. 6.3. The coherency spectrum of potential gradient with precipitation current. 
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Fig. 6.4. Frczq uczncy distribution of significant 
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6. 2. 4 A model for nimbost:::·atus electrification 

In his mod.el., S'l'Ril\t!·FELLOW (private communication) makes the 

assumption that a c.ha!'ge separatior! occurs, within a given :r·egion of ·the 

cloud7 which gives n.ega tive charge to the snow and yields positive charge 

into the charging :r-egion. The rate at which conduction will remove 

charge from this region is assessed and the effect that the various charges 

have on the potential gradient at the ground is estimated. He shows that 

the potential gradier!t FP, due ·to the cloud charges, is given by 

F = p 

I c 
'F:" 

where A is the total conductivity around the charging region and I is 
c 

the p!·ecipitation current out af the region. The theory is extended to 

inelude the cases of the nimbostratus rain cloud and also the d.eveloping 

snow cloud. For the latterJ assuming a sinusoidal charge separation 

variation with time, two solutions are reached. For the period of the 

Lo"'1e"" 
siJJ.usoidal. variation T, very much ~than the electrical relaxation 

time of the cloud T: the cloud charge, and hence the potential gradient, 

varies as: 

p 2: . • I(t) 
H 

(T >> T) 

where H is the depth of the chargin..g region and T is equal to 

as usual. 

If, however9 T is much smaller than T. then: 

p :::: 

€ 
0 

T 

0 0 
'lhis will have a phase difference of between 0 to 90 for fast changes. 

It will be seen in Fig. 6. 5 that, except for the very long and very short 

periodicities and for two particular periodicities, the tw·o parameters 

have a phase differ·enee of 90°. 
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6.2.5 Anomalies in the phase spectra 

The phase spectra give support to the predictions of STRINGFELLOW'S 

model, but for a group of periodicities in each record, the phase reverts 

0 0 from 90 to 0 • Each record exhibits a major anomaly of this kind and one, 

or more, secondar,y anomalies in the faster periodicities. A physical 

explanation for the major anomaly may be sought. Assume that precipitation 

leaves a region of varying charge separation, which has a characteristic 

period of, say, 2000s. The current of the precipitation will be leading 

the potential gradient, due to the charge remaining, by a quarter (90°) of 

the period, in this case 500 s. If the precipitation takes 500 s to fall to 

the measuring collector at the ground, the lag due to this fall time will 

put the current and the potential gradient exactly in phase. It is 

suggested that if the anomaly covers the group of periodicities 2000 to 3000 s 

as in the case of TR 16. 2, this corresponds to a mechanical lag of between 

50G and 750 s. The range of times will be due to the different fall 

speeds of different sized drops. If the air, through which the precipitation 

falls, is calm, we can estimate the height of the charging process from 

the product of vertical terminal velocit~ and lag time. But if there 

is a profile of wind speed changing with hei~t, we must allow for the 

horizontal separation of the precipitation particles from the cloud as 

well as for their vertical separation under gravity. 

No explanation is offered here for the secondary anomalies, which 

ma:y be caused by time lags from processes at different heights. 

6.2.6 The effect of wind speed profile on the time lags 

The problem is illustrated in Fig. 6.6. An increase of wind speed 

with height, ~ssumed linear for simplicity, means that the cloud in 

Which the precipitation originates will travel a greater horizontal 



Fig. 6.6. The effect of a wind speed profile on 
the ti mcz lags. 
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distance, X , than tl1e precipitation particles. This will produce a time 
c 

difference t.J.T, between the maxima of potential gradient .• when the cloud is 

overhead, and current, which will occur when the particles arrive at the 

ground. ~T is given by: 

~T = 
X - X c d 

v 

where Xd is the horizontal range of the drops and V is cloud speed. 

Tt1e variation of wind speed with heie1J,t, y, may be written as: 

v (v - v) y 
H 

where v is the wind speed at 2m and H is cloud height. The origin of y 

is at H ·• 

Let the mass of the p9.rticle be m, its vertical te:rminal velocity Jl 

and its absolute horizontal velocity w. The horizontal drag force on 

a drop is proportional to the square of its velocity relative to the 

fluid t:.h.rough which it is passing (MASON, 1957). That is: 

dw 
m dt .... 

where f3 ' is a constant. 

dis~c..~J· 
Substitutin.g for the ~ .. y, elapsed fran tt.e origin, this may be 

written as: 

dw 
dt = 

. (V·-V) 
where f3 is ar::.other constant and e 1s H • 1-l• This equation is solved 

twice (see Appendix 2) to give the height of electrical activity, H', as: 

(V-v)H'
2 

+ (2(V+v)H + 21-l (V-v) 6T) H' + ( (V-v)H
2 

-· 2il HV~T) = 0 

If the wind speed is constant wi~h height, that is V ~ V: this equation. 

reduces to: H' 
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6. 2. 7 Estimates of the hei@.t of electrical act_ivi ty 

We can substitute the mechanical time lags for each record, derived 

from the anomalies in the phase spectra (Sect. 6.2.5), together with the 

meteorological conditions given in Table 6. 2, into the above equation to 

obtain an estimate of the height of the main electrical activity. The 

results are given in Table 6.3 where they are compared1.fith the height of 

the 0°C isotherm. The agreement is good. The level of the 0°C isotherm 

generally falls mid1my between the two extremes of the estimate, and, if 

allowance is made for the range of all speeds of different sized drops, 

then the estimate could be reduced to agree even more closely with the 

observed values. Reasonably, the estimates are less accurate for the 

later, warmer records when the melting zone is at a greater altitude. 

These results rrake t...hree contributions to Atmospheri-c Electricity. 

Firstly, confirmation is given to the idea, hinted at by OWOLABI and C~LMERS 

(1965) and investigated by REITER (1965), that themelting zone is a region 

of electrical activity. This latter worker made simultaneous measurements 

at stations at different heights above and below the 0°C isotherm, whereas 

in the present work ·t.l:le effects were detected at a single station below 

this level. This leads to the second conclusion that it is possible to 

investigate, from the ground, some aspects of the electrical activity in 

the air above and that airborne instruments, on balloon or aeroplane, are 

not absolutely essential for this purpose. -Finally, the methods of 

spectral analysis are presented as powerful tools for Atmospheric Electricity 

research and it is probable that more information exists in the various 

spectra than t...he author has been able to find. 



TABLE 6.3 Estimated height of electrical activi~ 

Record No. Height of 0°C Estimated height 
isotherm 

(m) (m) 

l 360 330 - 390 

4 300 

5·1 250 230 - 250 

:).2 250 230 - 250 

5·3 250 220 - 250 

6 0 - 90 40 - 50 

7·2 0 

8.1 0 

8.3 0 

8. )+ 0 

9 150 120 - 150 

10.1 700 

10.2 700 670 - 760 

10.3 700 500 - 900 

10.4 700 620 - 720 

10.5 700 550 - 900 

ll 1900 1700 - 2000 

12 1200 1100 - 1300 

13 1350 1300 - 1500 

14 1600 1200 - 2400 
' 

15.1 2200 2000 - 2400 

15.2 2200 1600 - 2200 

16.1 1750 1600 - 1900 

16.2 1750 1400 - 1800 

17.1 2300 

17.2 2400 2200 - 2600 

18 2600 2300 - 2900 



TABLE 6. 4 Estimated total conductivi tl of the charging r~ion 

of the cloud 

Record Number Estimated Conductivity 

1 

4 

5·1 

5·2 

5·3 

6 

7· 2 

8.1 

8.3 

8.4 

9 
10.1 

10.2 

10.3 

10.4 

10.5 

11 

12 

13 

14 

4.0 

1.8 

1.8 

0.5 

5·7 
1.5 

2. 4 

2.9 

2.4 
2.7 

1.0 

2.0 

0.9 

15.1 1.8 

15.2 1.8 

16.1 0.9 

16.2 2.6 

17.1 2.6 

17.2 2.9 

18 2.7 

-15 -1 -1 
x 10 n m 

Average fair weather total conductivity= 8.2 x 10-l5n-lm-l 
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6.2.8 An estimation of the conductivity of precipitating nimbostratus 
from the ___:Ella se S_l?e c tra 

Two possible modes of behaviour of STRINGFELLOW's model were mentioned 

in Sect. 6.2.4. The first described the relationship of cloud charge, p, 

to precipitation current, I( t), when the charging process varied sinusoid-

ally with period T such t..hat T >> ,.-. It was: 

p :.: ~ • I(t) 

e 
0 

Where T = l\ , the electrical relaxation time of the region and H was the 

depth of the charging region. This suggests that there will be no phase 

difference for very long periodicities and this is found to be the case 

in 25 of the coherency spectra from the 32 records. 

In Fig. 6.5, periodicities of longer than 9000 s are in phase; if 

this is the low~r limit, Tf, for which the condition T >> T holds, we can 

take Tf to be, arbitari.ly, about 2-r. Thus 2T is about 9000 s. Now T 

e 
is equal to ~, ar:.de

0
: the permittivity of free space is 8.85 x lo-

12 

Fm-l which gives A, the total conductivity of the charging region to be 

about. 2 X 10-1.5 n-lm-1 • T.h. · 1 1 t · ha b de f h 25 a' ~s ca cu a ~on s ee n rna . or t e cases 

encou..YJ.tered and the results are given in Table 6. 4. 

!t must be stressed that these are very rough estimates which depend 

on the a:!:'bitary choice of 2T, but the salient fact brought out by the 

ayerage value of 2.3 x 10-l5 n-lm-l is that the conductivity is about one

third of the fatr weather conductivity of air at Lanehead (8.2 x 10-l5.Q-lm-1 ). 

Indirect detenninations for non-raining clouds have been made by LECOLAZET 

and PLUVINAGE (1948), and ISRAEL and KASEMIR (1952) which suggest in 

these' cases th:l t the conductivity is one-third of the conductivity near 

the earth's surface. Thus t..~e result for the precipitating cloud, indicating 

the average conductivity of the region of the cloud to which the space 

charges are removed from i~e charging region by conduction, is similar to 



the value expected for a non-precipitating cloud. 

It is interesting to compare the conductivity of the cloud with 

measurements mad.e at the ground, during precipitation, using the Gerdien 

chambers. 

6.2.9 .conductivity measurements at the ground duri~recipitation 

The purpose of using sheltered conductivity chambers during 

electrically quiet rain was to make an estimate of the conduction current 

in the air just above the surface of the air-earth current collector. On 

same occasions insulation breakdown occurred in the chambers and on others 

the readings were so erratic that it was decided to ignore them as unreal-

istic; this left 15 records, 5 in snow and 10 in rain for which the 

average conductivities were calcu]a ted. 

The average fair weather values for the polar conductivities 

(Sect. 8.1) measured in the plane of the earth's surface at Lanehead1 

have been established as: 

and 

'A = + 

This gives an excess of positive small ions equivalent to + 0.8 x 10-l5 

-1 -1 n m • 

It was observed that, wit..h. increases in negative potential gradient 

in ra:L.~, the negative conductivity measurements showed corresponding 

increases. Accordingly, the displacements from the fair weather small 

ion conductivity excess have been plotted against aver-age potential 

gradients for the 15 records (Fig. 6. 7). Straight lines have been drawn, 

by eye, to fit both the rain and snow results. 

It appears that there is an active relationship for rain, but not for 
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snow, which produces predominantly negative small ions for negative 

potential gradient close to the ground. It is difficult to say which, if 

either, of the two increasing parameters is the cause and which is the 

effect. Charge separation by 1 splashing 1 under the influence of the 

electric field (SMI'IH, 1955) will give negative charge to the air, leaving 

an equal and opposite charge on rain drops; this could be acting here, 

as snowflakes do not give this effect and the results suggest that the 

5 cases of snow are not active. Alternatively, the charge separation may 

be mechanical in origin, for example, wind induced drop shattering 

(MAGONO and KOENUMA, 1958; MATTHEWS and MASON, 1964), with the potential 

gr:"ad.ient resulting from the space charges produced. 

In any event, the excess of negative small ions, near the ground, 

seems consistent with the negative space charge measured at 0. 8 m (Sect. 

6.1.2). The problems posed by these results aw.ait solution. 

6.3 Ana1ysis of the filtered data series 

In Sect. 5·3 it was explained how it is possible, with digital filter 

techniques, to eliminate long-term trends from the records in order to 

eiL"'1ance the analysis of faster frequencies. The next section describes 

one interesting result which arose from an analysis of the filtered. records. 

6.3.1 Peaks in the coherency spectra of the filtered records 

Statistically significant peaks are found in 24 of the 32 filtered 

record coherency spectra, but, in contrast to the original records 

(Sect. 6.2.2), these peaks describe a positive correlation for potential 

gradient with the current to the exposed collector. It has already been 

seen ir. Table 6.1, tl1..a t there is a high positive correlation between poten

tial gradient at the ground and space charge density at 0.8 m (Sect.6.1.2) 



and it is suggested that these positive coherencies indicate a current of 

space charges to the exposed receiver, opposite in sign to the precipitation 

current. This notion will be encountered again in the fair weather results 

of Sect. 8. 1~. 

Fig. 6.8(a) depicts the frequency histogram of significant peaks in 

the filtered spectra, Ln steps of 30 s. The products of wind speeds at 

ground level and periodicities for each record are show.n as 'cell' 

sizes in the histogram of Fig. 6.8(b). 

It is probable that these relatively fast periodicities are associated 

with processes close to the instruments rather than at any great distance, 

and this is supported by the linear relationShip discovered between cell 

size and the square of WLl'ld speed at the ground (Fig. 6.9). It is well 

known that the er:!ergy of the mechanical turbulence in the lower atmosphere 

increases in proportion to the square of wind speed (PASQUILL, 1962) and 

it is postulated that, during precipitation, some free space charges are 

transferred to the collector by turbulence influences. The cell sizes may 

be characteristic of the aerodynamical properties of the site at Lanehead 

which is, to a certain degree, sheltered (see Fig. 4.1), and may indicate 

a periodic replacement of the air ·in the plot. 

In fair weather an average space charge density of + 20 pC .m-3 produces 

about + 1 pA m -
2 

of 'mechanical-transfer' current (Sect. 8. 4) so that, 

in precipitation when the space charge density can be - 200 pC m-3, we 

-2 may get up to - 10 pA m of such current. This is large compared with 

the precipitation current density of 'quiet' rain and is worthy of 

consideration, in view of the: fact that it could cause the cancellation 

of the mirror-image effect. 
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CHAPTER 7 

COl\lTINUOUS MEASUREMENTS OF ATMOSPHERIC ELECTRICITY AT LANEHEAD 

7.1 Fair weather Atmospheric Elect~ity 

7.1.1 Global and local effects 

'I'he global atmospheric electric 'circuit' has been divided under 

the spherical condenser h~pothesis (Sect. 1.1), into 'generators', Which 

build up and maintain. the electrical state of the atmosphere, and 

'discharging' processes, which are a consequence.af the existence of this 

electrical state. One of the major contributions to the latter category 

comes from the fair weather conduction current and investigation of this 

effect, together with the other inter-related parameters of Atmospheric 

Electricity, should help to explain the mechanisms of the global circuit 

in detail.. 

It has been the practice of many investigators to set up instruments, 

monitoring some of the parameters of interest, purely on a temporar.y 

basis and for use at such times as they are able or inclined to make 

observ·atio!ls. Many important additions to our knowledge of the behaviour 

of the atmospheric electric elements have come from such efforts, but 

all have failed. to produce a consistent and coherent insight i..n.to the 

overall government of Atmospheric Electricity. The reason is straight-

forward. At any particular· point on the earth's surface, measurements 

of air-earth current and potential gradient in fair weather, which should 

reflect the conditions prevailing in the electrosphere, are dominated by 

a welter of local effects such as pollution, wind and the electrode effect. 

The problem has been stated., and illustrated, by ISRAEL and de BRUIJN 

(196'7), who !3-ttempted to correlate the simultaneous daily means of 

potential gradient for pairs of stations in North America separated by 
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large distances. They concluded, from the very low correlation coefficients 

obtained, that no world-wide effect was discernible. The prime reason for 

this is pollution of the air by particulate matter, which is produced in 

the urban and industrial regions of the world, and by radioactive fall-

out from thermo-nuclear explosives. In order to escape from this influence 

it is necessary to venture to remote areas of the earth or to climb above . 

the austa.usch region which effectively contaLl'ls the :pollution. For example, 

RUHNKE (1962) took his apparatus to the Greenland ice-cap in order to 

measure the electrical conducti'Vi ty of free air, and COBB and PHILLIPS 

(1962) established an Atmospheric Electricity research station on top of 

Mauna Loa, Hawaii, well above the trade-wind inversion. Alternatively 

it is possible to conduct experiments over the oceans, where pollution is 

minimal, and the scientific cruises of the research vessel 'Carnegie' 

spring to mind. Because of the short-term nature of these cruises the 

various workers involved (MAUCHLY, 1923 ; TORB.ESON et al. , 1946), have 

used every available hour to make observations and it seems likely that 

intensive continuous recording of this kind was the,key to the success of 

these voyages. Here, then, is a guiding principle that one should attempt 

to accumulate data continuously ·and for as lang as possible in fair 

weather. This course of action has been u..11dertaken by a number of 

researchers who, in general, have expressed their results as daily, 

seasonal or yearly variations, which indicate the underlying, 'climatic

type' be...h.aviour of the various parameters. These variations are 

established after sufficient data has been collected to average out the 

more random localised effects. 



7.1. 2 Diurnal variations of potential gradient and worl_9.-wide 
thunderstorm activity 

The diurnal variation of potential gradient, measured on the 
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'Carnegie' by MAUCHLY (1923), led APPLETON (1925) to suggest that this 

yariation might be similar to the variation of the number of thunderstorms 

active at the time, over the su~face of the earth. WHIPPLE (1929) made 

use of the thunderstorm data of BROOKS (1925) to find this diurnal varia-

tion and.WHIPPLE and SCRASE (1936), plottingthe~variation in detail, 

showed there to be good agreement with the variation of potential gradient. 

Very similar variations have been found, in the Pacific by TORRESON et 

al. (1946) and by SHARPLESS (1968) at Lanehead, a land station within 

the austausch. This latter result is contrary to the expectations of 

ISRAEL and de BRUIJN ( 1967) who state: 

" An isolation of the global effects from daily, monthly and annual 

means of the atmospheric electric elements at continental stations 

must be assumed impossible. " 

'The work of SHARPLESS (1968) demonstrates the need to make continuous 

measurements for at least a year in order to reduce satisfactorily the 

influence of local effects. 

7.1.3 Some other fair wea~her diurnal variations 

Whereas the diurnal variation of air-earth conduction current over 

the oceans is the same as that for potential gradient, at land stations 

within the austausch the current to an exposed plate shows no resemblance 

at all (SCRASE, 1933), and has a marked seasonal dependence. In contrast, 

COBB and PHILLIPS (1962), from a year's continuous measurements of total 

current density at Mauna Loa, produced. a variation very similar to that 

obtained in 1929 on the 'Carnegie' (TORRESON et al., 1946). They also 
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measured the densities of srrall ions, and related their electrical 

measurements to meteorological observations. A novel approach to the 

determi_rlation of the diurnal variation of the air-earth conduction 

current density has been made by ANDERSON (1969 ). Measurements made 

every 15 minutes on a flight from Washington D.C. to SyQ~ey produced a 

bimodal. variation which is in substantial agreement with the accepted global 

curve, but here again_, regional influences were also evident. 

In Japan, HATAKEYAMA and KAWANO ( 1953) found that the total conduc

tivity controls the potential gradient in large cities, but that its 

influence is considerably reduced in rural areas. Workers at many places 

agree that the conductivity shows a maximum in the early morning hours, 

with a drop soon after sunrise. This is probably due to the combined 

effects of meteorological changes and the increase L~ the output of 

pollution at that time. 

On these various topics, the reader may care to refer to CHALMERS 

(1967) as a standard text on Atmospheric Electricity. 

7.2 Atmospheric Electricity measurements at Lanehe&d 

Over theperiod from July 1967 to June 1968 continuous measurements 

were ~de of the air-earth current density, potential gradient, space 

charge densi-ty and positive conductivity (SHARPLESS, 1968). These 

electric elements were recorded on paper charts by pen recorders, and 

the information thus acquired was processed by hand. The results are 

div.ided into two groups: fair weather and disturbed weather. Of the 

former, diurnal variations for the year were calculated and the potential 

gradient variation anowed a marked similarity with that found 40 years 

previously by TORRESON et al. (1946), but the air-earth current was 

found to depend on the variation in columnar resistance, and its variation 
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is similar to that of the space charge density. SHAF2LESS (1968) has 

assessed the r~le of pollution in controlling this variation at Lanehead. 

For disturbed weather, a hig_h positive correlation -was discove~r.-ed bet·ween 

space charge density and potential gradient at the ground dur:ing stead;y 

participation. A full explanation of this phenomenon was not offered. 

The atmospheric electric climate of the station at Lanehead. has 

been established. by SHARPlESS ( 1968) and. the importance of continuous 

monitoring of parameters underlined. 

7·3 The 1-hour recordi.rl.g system 

7.3.1 .Improvements in the collection and processing of data from 
continuous measurements 

It was not felt possible to process by hand data from paper chart 

records in the manner of SF.ARPLESS ( 1968) while at the same time attempting 

a full-scale ir.vestigation into a separate topic. But the desire to 

maintaL11 continuous recording at Lanehead motivated the :author to seek 

alter~ative ways to cm1duct 't.his function of the field station. Great 

saving L"'l the time taken to compute the hourly means for the diurnal 

variations could be made if a computer were used for this task and as the 

automatic. recording system (Chapter 3) was situated and working at Lanehead., 

here was a means to produce paper-tape records sui table for input to the 

I.B.M. 360/67. The development of interface circuitry between tl1e outputs 

of the V.R.E' s and the input of the recording system has been described 

(Sect. 4 .• 6) and to complete the new system an electronic method of 

averagL11g the outputs over an hour was required, as well as some extra 

t:llning devices to gover!1 the punching tasks. 

Interest in the continuous measurement.s were centred on the diurnal 

variations of the paiameters so an electronic circuit was needed which 
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would respond to long term variations, over a matter of a half-an-hour 

or so, while smoothing out the short term changes. This could have been 

easily achieved by increasing the input time constant of the V~R.E. 's, 

but as they were also being used for the precipitation work, it was 

impracticable to be continually altering the head units. The alternative 

was to smooth the outputs with a standard resistor-capacitor integrating 

circuit, with the product RC equal to about 15 minutes. This requires 

values of l 1-LF for C and 109 
Q for R, and if it is desired to sample a 

voltage stored in this network, the input impedance to the measuring 

12 device must be greater than 10 n to avoid attenuating the output voltage. 

Until recently this would have implied thermionic valve circuitry, but 

the timely development of the metal-oxide semiconductor field-effect 

transistor (hereafter referred to as a MOSFET) provided an attractive 

and simple way of av·ercoming this problan. 

r• 3· 2 The MOSFET as an impedance converter 

It was stressed earlier that this thesis would not give full details 

of electronic circuitry used but it is felt that there is some justifica-

tion for outlinL~g the basis characteristics of a new device which may 

find further applications in Atmospheric Electricity instrumentation. 

A MOSFET consists af two very rich n+ regions on a p-type silicon 

substrate as shown in Fig. 7.1. Then+ regions known as the 'source' 

and 'drain', are close together. On the substrate between them, a thin 

layer of silicon dioxide acts as a dielectric between the substrate and 

an aluminium electrode called the 'gate'. When the gate is made positive 

with- respect to the source, holes will be repelled from, and electrons 

attracted to, the surface of the substrate. Consequently, an n-type layer 

is formed in the substrate near the oxide dielectric. The greater the 
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applied potential, the thicker will be this inversion layer. The 

inversion layer foims a conducting path, therefore current will flow 

between t..h.c n + regions if a potential difference is applied between the 

drain and tb.e source. Because it controls the thickness of the inversion 

layer, the §ate voltage can either control the resistance between drain 

and source, or in an amplifying mode, it can control the current. The 

12 
input impedance to the gate is better than 10 n , and as a consequence, 

damage can occur to the g:tte oxide layer if' an electrostatic charge, from 

a nylon shirt for example, builds up on the ga. te electrode. When handling 

MOSFETs it is usual to short the leads together with a special conducting 

clip. 

The hi@l i..Tlput impedance enables the MOSFET to be used as an impedance 

converter, or source follower, of the type more generally known as a 

cathode or emitter follower. The gain of an impedance converter, normally 

about 0. 92, may be increased to 0. 95 by including a conventional bipolar 

transistor in the circuit as shown in Fig. 7.2, and this also serves to 

improve the output current a:vailab ility of the c:ircuit. 

The circuit of Figo 7.2 was used as a plug-in unit, one for each 

parameter, to give the desired averaging of the instrument outputs in 

forms suitable for the record.i:r1g system. The fraction, 0.05,of the output 

which ,.,as lost in the source follower, was taken up by the calibration of 

the 1-hour system. 

7.3 .. 3 The operation of the 1-hour system 

SF.ARPLESS (1968) derived hia hourly values by considering the average 

values in the four 15-minute periods of each hour; it was felt that using 

the new system to sample the averaged values once every hour, on the hour, 

would provide equivalent data. The basic fu_nctions of the automatic 
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recording system were left unaltered, but a modification was made Whereby 

the 3s system command pulses were diverted through a reed relay switch. 

This relay had a by-pass switch which could r-eturn the system to the 3s 

sampling mode for precipitation work, otherwise the relay was controlled by 

a bistable circuit. A sequence timer delivered a trigger pulse to the 

bistable at each hour and this caused the relay contacts to close and 

the system to start the execution of a sequence of parameter punching jobs. 

At the end of one cycle of parameters, a reset pulse to the bistable cut 

off the command pulses again. In this way the five parameters, potential 

gradient, air-earth current density, space charge density and both polar 

conductivities were recorded hourly. 

Two other records were rrade on spare channels. The first was a rough 

indication of the time of day, derived by using a stepping-relay, also 

triggered by the sequence timer, to give an increasing output voltage 

at every hour. The sequence restarted at midnight (Z-time or GMI') each 

night. The second record was an indication of Whether or not it had 

rained, or snowed, during the previous hour. This was achieved by using 

the elect-ronic rain detector described by SHARPLESS (1968), to switch· a 

self-holding relay which in its turn gave a voltage which changed the 

number, punched for the last channel of the sequence, from 001, for no 

rain, to 730. This relay was reset by the sequence timer after the 

completion of the punching cycle. It was then a simple matter to program 

the computer to ignore the data for any hour in Which the 'rain number' 

was 730 (this was an arbitary figure). 

The automatic recording system for the 1-hour mode of operation is 

shown in block diagram form in Fig. 7·3· This was left to run continuously 

day and night, and it was only interrupted for the purpose of taking 

precipitation measurements. 
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Fig. 7.3. Block diagram of the 1-hour rczcording systczm. 
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7·3·4 Calibration of the 1-hour system 

Because of the very varying nature of the instrument outputs it 

was decided not to calibrate the integrating parts of the system in a 

single operation. Instead, the automatically recorded 1-hour counts for 

January 1969 were plotted against the corresponding values obtained by 

a~alysing the paper charts and the line of best fit was computed by the 

method of least squares. It was felt that this would probably give a more 

realistic calibration than one obtained by applying an artificial input 

to the system. The equations of the 1-hour calibration curves were only 

slightly different from those associated with the direct recording 

calibrations, and th,is was probably due to the fact that the gain of the 

MOSFET sour~e followers was 0.95 and not 1. 

7·3·5 The selection of fair weather values for· the electric elements 

A consequence of an~ automatic data handling system is that some 

loss of contact must occur between ~he analyst and the information 

contai~ed in this data, and precautions must be taken to ensure that no 

invalid. data are processed unwittingly. 

At the outset of the work it was decided to define as valid any fair 

weather measurement which was a member of a population distributed normally 

about the mean value for that parameter, as established for Lanehead by 

SHARPLESS (1968 ). Then 99· 9 pe·r cent of such a population would be in 

the range 

x ± 3o 
X 

where x is the mean value and a is the standard deviation calculated 
X 

from the mean diurnal variation. This, however, takes no account of the 

variation of the monthly means and the range fcrfair weather values was 
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revised to be: 

-where ~IN was t..he minimum monthly parameter mean encountered by 

SHARPLESS (1968), a.Yld ~X was the maximum monthly mean. For the potential 

gradient measurements in the period July 1967 to June 1968, the minimum 

mean was + 64 V m-l for July 1967, with a standard deviation, from the 

diurnal variation for that month, of± 12 V m-1 ; the maximum was + 158 Vm -l 

for .. February 1968, for which a standard deviation of ± 24 V m-l was 

estimated. The fair weather values of potential gr-adient were thus 

defined by the range + 28 V m-l to + 230 V m-l Similar ranges were 

calculated for the other parameters. 

The method used to ignore those hourly records when precipitation 

was present was outlined in Sect. 7·3·3· 

7.3.6 The performance of the 1-hour recording system 

The electronics for this part of the system was housed in the 

lower two panels of the rack shown in Fig. 3.14, just above the tape-

punch. On about half-a-dozen occasions in a month, spurious numbers were 

punched on the 1-hour record, but it was a simple matter to edit these 

from the paper-tape after locating them on a print-out of the data. Apart 

from this, and a sporadic tendency for the punch mechanism to jam, the 

1-hour recording system worked satisfactorily from January 1969 to August 

1969. Some modifications were made in September, 1969 by a colleague of 

the author's, but the system continued to function in basically the same 

manner. 

The implementation of the automatic system for continuous recording 

was entirely justified by the considerable saving in time and effort it 
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afforded_. and the results obtained, both since JaOJ.uary 1969 and from the 

eha!'t records for the period August 1968 to January l969, are discussed 

i!l C:h_apter 8. An example of the computer output, for· Ap:r·il 1969, is 

shown in Fig. 7.4. 
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CHAPTER 8 

RESULTS OF 'IHE CONTINUOUS MEASUREMENTS 

This chaptc:r is a summar,y af the results of measurements made at 

Lanehead in fair weather for the period August 1968 to July 1969. Where 

relevant, for instance, in the seasonal variations, the results have been 

combined with those of SHILR.PLESS (1968) to give a more meaningful contri~ 

bution than would obtain with t..h.e separate measurements. The diurnal 

variations of the atmospheric electric elements for each month, August 

1968 to July 1969, are given in Appendix l. 

8.1 The average diurnal variation~, 1968-1969 

The d.iur:1al variations for potential gradient and total air-earth 

current density were obtained for the 12-mont..h. period from August 1968 to 

July 1969. Because of the failure of the suction fan in July 1969, the 

diurnal variation of space charge density relates to the 11-month period 

ending in .June 1969. The two conductivity chambers were operational from 

October 1968 to June 1969, so the diurnal variations for t..h.ese were 

derived from measurements made over 9 months. The average variations are 

shown :in Fig. 8.1. 

Th"" forms of the variations- for potential gradient, air-earth current 

d.er.si ty a..YJ.d space charge d.ensi ty are similar to those given by SHARPLESS 

(1968) and no new L"lformation can be gained from them as they stand. 

Tne diurnal variations of the poldr conductivities, the first for 

Lanr::head, both exhibit the same basic Ehape but the extents of the 

variations, much less than 10 per cent on either side of the mean, are 

so small that these parameters can be taken to be constant. The complete 

absence of any suggestion of a 'sunrise effect' (CHALMERS, 1967) in these 
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variations is taken to be evidence that the Lru1ehead region is free from 

the permanent pollution ~ich gives rise to this effect. The constancy of 

thE: total cc,nductivity, measured at ground level, also suggests that the 

ionization of the lower regions of the atmosphere is uniform and continuous. 

The ratio of the polar conductivities is 1.22 •. 

Several measurements have been made of the ratio of negative to posi

tive polar conductivities in the atmosphere; for pure air at high 

altitudes various workers, SAGALYN (1958), CURTIS and HYLAND (1958) and 

PALTRIIGE (1965), found the ratio to be around 1.06. At atmospheric 

pressure, this· value of 1.06 would be closer to 1.28, but measurements at 

grou_71d level, such as these at I.anehead, are complicated by the electrode 

effect. In polluted regions, the ratio of the polar conductivities at 

the s~~ace is usually close to unity. 

8.2 The diurnal variation of potential gradient 

Potential gradient is the atmospheric electric parameter most frequently 

and most universally measured and the opportunity arises to make a direct 

comparison with results from different stations over a large nwnber of 

years. 

In Fig. 8. 2 the diurnal variation of potent :ia l gra.die.."lt at Lanehead, 

1967 to 1969, is comJ:ared with the results obtai..l'l.ed on the Pacific cruise 

of the Research Vessel 'Carnegie' in 1929 (TORRESON et al., 1946). The 

similarities are inunediately obvious and bear witness, in view of the 

difference of 40 years in the measurements, to the existence of some 

universal process governing the variation of potential gradient. There 

are some disc:re:panci.es, notably at llZ and at about 18z. 

The next step is to corrq:a.re the potential gradient variation with the 
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variation L~ world-wide thunderstorm activity given by WHIPPlE and 

SCRASE (1936) following the suggestion of APPLETON (1925) that the tvro 

may be similar. This has been done in Fig. 8.3; the basic shapes are 

the same, both having a minimwn in the early morning, rising to a 

maximum in the afternoon and falling aefiin before midnight. The most 

noteworthy difference occurs between 12l and 14Z; this corresponds 

to the contribution of the continents of Europe and Africa to the 

thunderstorm area. The fact that the 'Carnegie' results also undercut 

the thunder activity at these hours might indicate that this particular 

thunderstorm area has been overestimated. 

The belief that there is no appreciable amount of locally produced 

pollution at La.."lehead is supported by the single ma:ximwn of potential 

gradient at 19Z; this agrees well with the results of SHERMAN (1937) 

in Alaska, SIMPSON (1919) in the Antarctic and MAUCHLY (1923) who 

analysed results obtained on the 'Carnegie'. At most land stations 

the diurnal variation of potential gradient shows a dependence with 

local time (SCRASE, 1934) and often exhibits two maxima and two minima 

corresponding to local domestic and ind.ustrial behaviour patterns. 

The annual variation af potential gradient at Lanehead is shown in 

Fig. 8. 4. The lm.r level of pollution is evident from the comparison 

with Kew (SCRASE, -193~-) and the similarity to the measurements at 

Tortosa (RODES, 1933) is remarkable. Tortosa is on the south-east coast 

of the Iberian Peninsula, close to tt1e Mediterranean, with mountains 

in ~he hinterland. The level of pollution there in the period. 1910 to 

1930 would, in all probability, be very similar to that of Lanehead 

at the present time. 
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8.3 The seasonal variations 

For· the comparison of seasonal effects ihe measurements have been 

grouped so that Spr·ing comprises Februa!'"y-_. Ma:r:ch and. April, Swmner 

compr-ises May, .. TunE: a-r:td July, and so on. 

Figs. 8.5 to 8. 7 show the seasonal variations of the t..hree main 

parameters for the period. 1967 to 1969 and these canst itu.te a refineme~t 

of the variations given by SHARPLESS (1968). 

Tne S'=asonal Yaria tion of total air-earth current density is very 

like the seasonal variation of space charge density; both exhibit 

marked varia·~-.ions in Spring, Swmner and Autumn wi ih no real variation in 

the winter· months. As the average values of each are very similar for 

all four seasons it is probable that the increased convective activity 

in the atmosphere in ·the warmer months is responsible for the form of 

the variations. Convective air currents, in the hour·s after midday, 

will lift space charges up to hig.."l-J.er levels within the austausch region. 

thus causing a depletion at the level of the space charge collector. 

This will also reduce the 'mecha.11ical.-transfer' current (Sect. 8.4) to 

an exposed receiYer. Tb.is convective influence is put forward as the 

p:r·edominant factor governing the seasonal. variations of both space 

charge density and total air-earth cur·rent density. 

In c.ontrast, the more marked. variation of potential gradient is in 

the winter months, with no real variation for summer measurements. T:.t:le 

gene :ral diurnal va.ri.a tion of pot e!lt ial gradient shows a minimwn in the 

mor'!ling and a maximum in the afternoon which is opposite in form to the 

general. spaee c"b..a.rge varia.t ion. This raises ihe ;auestion, in view of the 

opposing seasonal modes of behaviour, whether or. not there is some link 

between thE- t."YTO whe:r·eby onE= element controls the other. 

The cor~d.uctivit:~r of the air is due almost entirely to small ions and 
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depends upon the number of small ions present. Their number is governed 

by the rate of combi!l..ation with nuclei in the air so that "When t .. ~e number 

of nuclei is a maximrnn, the conductivity due to small ions is a minimum, 

giving a maximum of potential gradient under the relationship: 

F -
v 

'AR c 

This was discussed in Sect. 1.2. 

The potential gradient will, therefore, exhibit an increase if the 

number of nuclei is incr~ased. Such an increase would be expected during 

the winte:r months in a polluted area, but the seasonal constancy of the 

mean value of space charge density and the absence of pollution effects, 

for example the 'sunrise-effect' (CHALMERS, 1967), indicate that this is 

not the case at Lanehead. 

The converse to this is when the number of nuclei present is diminished 

or when they are redistributed over a greater volume. This can be achieved 

by increased austausch Which mixes the free nuclei more effectively to the 

top of the ~ustausch region. If ~e assume that the total production of 

small ions is unchanged and that their destruction, by combination with 

nucle~ is also the same: then the total columnar resistance, Rc' is 

unchanged. Some of the combination, however, will be occurring higher 

up in the austausch region; the decreased number of potential ion-

capturing nuclei close to the ground causes a rise in the conductivity 

which results in a decrease of potential gradient measured at ground 

level. 

From these considerations, the seasonal behaviour of the parameters 

at Lanehead can be summarised. The small ion conductivity, which is 

based largely on winter measurements (Sect. 8.1), shows no diu~..al 

variation and because th~s parameter is the major factor governing the 
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Fig. 8.6. SClasonal variation in total air earth 
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Fig. 8.7. S(Zasonal variation in spac(Z charg(Z 
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colwnnar resistance, R , it is assumed that R is also constant. 
c c 

Therefore the relationship: 

F -· 
v 

f..R c 
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implies that, i.n the winter mont .. hs, F, the potential gradient, will vary 

9.S V, the potential of t.l-:te electrosphere. 

In su..mmer, the more marked diurnal variation of insolation of the 

earth ind.u.ces a diurnal variation in the convective energy of the lower 

atmosphere. This p:r·oduces increased austausch with the consequence, 

explained above, of increased conductivity near the ground during the 

afternoon. Thus, under the relationship: 

F -
v 

f..R 
c 

R is tal{en to be constant, and V and f.. both have a maximum at roughly 
c 

the same time of day. If the magnitudes of these two variations are 

si..rnilar their effects will cancel each other and this would explain the 

observation that there is no discernible diurP...al variation of potential 

gradient in the summer time. 

The conclusion is that it is possible to observe an average diurnal 

va:r·iation of the potential of the electrosphere by repeated measurements 

of pote!tial gradient at the gr·ound if the site chosen is one of low 

pollution and j_f the measurements are made in the winter months. Local 

influences will usually dominate -measurements at any given time. 

8. 4 Diurnal variations of air-earth currents and space 
charge Q.ensity 

The measurement of both polar conductivities in the period October 1968 

to Ju..lle 1969 has made it possible to estirr,ate the condL~ction current by 
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the indirect method. The diurnal variations of the total air-earth 

current and the conduction current-forthis period are shown in Fig. 8.8, 

together with the difference between the two. Tnis is labelled the 

'mechanical-transfer current' to denote its non-electrical natu:re. The 

conduction current remains virtual~ constant While most of the variation 

in the total current comes from tne mechanical component. It will also 

be noticed. that the mean values for the two are very nearly the same: 

-2 -2 1.07 pAm f0r the conduction current and 0.95 pA m for the 

mechanical-transfer current. There is similarity in shape between the 

mechanical-transfer current variation and the corresponding variation for 

space charge d.e!l.sit..-y (Fig. 8. 8), and this is borne out by the higtl. 

correlation coefficient between the two of + 0.82, significant at the 

99·5 per cent level of confidence. This indicates that more than 67 per 

cent of the variation in the mechanical current, and hence in the total 

current, iE due to variation in the space charge density. 

The line of best fit between mechanical-transfer current and space 

charge d.ensity was calculated and found to be: 

i I := Oo 1 p - lo 0 

-2 where i' is the mechanical-transfer current de..r1sity in pA m and p is 

the .space charge density in pC m-3. The units of the slope, equal to 

-1 -2 
0.1, are ms and the constant term is - 1.0 pAm • Physically, the 

slope of the line suggests that the effective average vertical velocity 

of transfer of charged ions to the air-earth current collector is 0.1 ms- 1
• 

The velocity of a large ion moving under the influence of an electric 

. -1 -4 -1 
field of 100 Vm is about 10 ms· , so that transfer of the charges to 

the plAte must be due to the influences of air movements and not to the 

fair weat.h.er potential gradient. 
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An ex-planation of the constant term may derive from the fact that 

the space charge measurements were made at a heigilt of 0. 8 m, and it is 

pass ible that the space char-ge density at ground level is different 

from this value. Rewriting the equation thus: 

i = 0.1 (p ( o. 8) - 10) 

-3 suggests that there is a difference of - 10 pC m from 0. 8 m to t..lle 

ground. Support for this argument comes from the work of DAYARATl\IA 

(1969) who found the space charge density to be neg3. tive at ground level 

but positive above 0.5 m at Durham University Observatory. 

Because there is no correlation of space charge density lvith the 

iti 
difference in polar conductiv:es ("A - A ) it is assumed that the space 

" + -
cb..arge measurements are predominantly of large ion concentrations whilst 

the conductivity measurements indicate the behaviour of small ions. 

Ther·efore, it seems reasonable that, iJl conditions of fair weather, most 

of the mechanical-tra"Qsfe:r current originates in the movement of large 

ions under non-electrical influences. The work of DAYAFATNA ( 1969) 

again lends support to this. Using an exposed plate a.11d an ex--posed wil:·e 

to measure the air-earth current, Dayaratna found that the wire, which 

had a conduction c:r:oss-section six times that of the plate, collected a 

current several times smaller than the current to the plate. The 

difference was attributed. to space charges advecting to the plate. 

In respect of Sect. 8.6 it is me..ntioned here that there is no 

cor!·el.ation af mechanical-transfer current with the total conductivity 

(A + " ). + _, 
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B. 5 The effect of ligh.t winds on the diurnal var:ia tions 

A six months study of the effect of light winds on the electric 

parameters at Lanehead was made in the period November 1968 to April 

1969. The output from an anemometer, erected on a mast orr the end wall 

of the school, ws recorded on a single channel pen recorder, but, 

because of the unsatisfactory inking of this instrument, the record -was 

terminated i.n May 1969. Periods of light wind, with speeds less than 

-1 
1 ms at a height of 10 m, were chosen fran those hours vhen the record 

indicated that the anemometer had not turned; this did not mean that 

there was nc· wind during the hour but that the breeze, if any, had. been 

very light. The hourly atmospheric electric measurements for light winds 

were separated from the parent body of fair weather measurements and the 

resulting diurr~l variations are shown in Fig. 8.9. Comparison can be 

made with the diurnal variations for all fair weather in the period 

November 1968 to April 1969. 

Tests for the difference between the means for each parameter, for 

li&~t winds and for all fair weather, showed that the variations of 

potential gradient and total air-earth current density in light winds 

were not significantly different, statistically, from the parent population. 

On the other· harrd, the space charge density and both polar conductivities 

are significantly different from their parent populations at the 99 per 

cent level of confidence. 

The measurement of the polar conductivities at ground level in light 

winds (Fig. 8.9) gives a statistically significant increase in positive 

conductivity with a corresponding decrease in negative conductivity; 

this is a m.anifesta tion of the influence of the 'electrode effect'. 

This effect has been defined by BENT and HUTCHINSON (1966) as follows: 

in atmospheric electricity the electrode effect is theJ modification of 
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e+.eme~1.t.s such as space charge dist-ribution) eonduct ivity and potential 

gradient near an earthed electrode, Which may be a raised object or the 

surface of the; earth itself, because in the prevailing field ions of 

one sign are attracted. towards the electrode, whilst those of the 

opposite sign are repelled from it. 

The electrode effect has been detected by PLUVINAGE and STAJIL (1953), 

and by RUHNKE (1962) ovFOr the polar ice cap, and by MUHLEISEN (1961) above 

lake Constance. COBB (1968) reports the influence of the electrode effect 

on measurements made at Mauna Loa Observatory, well above the austausch 

region, but the only evidence of this effect within the austausch is 

given by CROZIER (1963). His measurements with a filtration instrument, 

indicated an enhancement of space charge density in periods of low wind 

speed b~t d.u.ring Eig..l-tt time only. This result should be compared with 

the diurnal variation of the same parameter, for light winds, given in 

Fig. 8.9, where it will be seen that there is no indication of the 

electrode effect during the limited hours of winter daylight. No explana-

tion of this :puzzling state of affair·s can be offered but it is important 

in view of the fact that most atmospheric electric L11struments are 

operated at ground level, that further study of such effects should be 

carried out. 

8.6 Diurnal variations of air-earth currents and 
total conductivity in light winds 

In line with the work of Sect. 8. 4, the conduction current component 

of the total air-earth current in light winds can be separated from the 

mechanical-transfer eomp0!1en.t and the result is shown in Fig. 8.10. In 

this case, -the condu.ction current density is less constant than before) 

being a consequence of g:ceater variation in both total conductivity and 
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potential gradient. It will be recalled (Sect. 8.4) that the correlation 

of mechanical-transfer current with space charge density was + 0.82 for 

all fair weather and t.h.at this constituted the major cause of variation 

in the total air-earth current density. In light winds, however, the 

total air-earth current is correlated, not with space charge density, 

but with total conductivity, the coefficient being + 0.78, significant at 

the 99· 5 per cent level of confidence. The two component currents, 

mechanical and conduction, of the total current show small correlations 

(+ 0.53 and+ 0.54) with the total conductivity and this suggests that 

variations in the driYing forces, small-scale air movements in one case 

and electrical potential in the other, are the two major governing 

factors here. More extensive measurements would resolve the exact 

relationships of these various atmospheric electric and mechanical 

processes which transfer charge to the surface of the earth in fair 

weather. 
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CHAPTER 9 

GENERAL CONCLUSIONS AND SOOGESTIONS FOR FURTHER STUDY 

This chapter deals with the broad conclusions to be drawn from the 

work and endeavours to highlight some problems of interest and the methods 

Which could be adopted to investigate them. 

9.1 The digitization of data 

The development of the digital computer has given research a powerful 

tool for processing vast quantities of data and the recording of data in 

digital form, suitable for computer input, has become an established 

technique in the Atmospheric Physics Research Group at Durham. The 

automatic recording system, described in Chapter 3, was built for this 

purpose and proved satisfactory both in its remote tape-recording 

facilities and in its applications as a single station device. The 

physical action of making a permanent but manageable record of atmospheric 

electric conditions becomes embodied in the paper-tape punch and this 

relieves the researcher of the necessity to read meters or inspect charts 

for long periods of time. This advantage of the system was equally 

valuable both for the precipitation measurements, When sane records 

were of more than 6 hours duration, and for the continuous fair weather 

observations which ·'WOuld have been impossible to collect and analyse 

without the time saving allowed by a digital data system. 

Whilst extolling the virtues of the system, a cautionary note should 

be sounded about some aspects of digital data processing. The problems 

of discretely sampled time series are discussed in Chapter 5 and the 

reader is referred to BlACKMAN and TUKEY (1958) as the definitive work on 

this important topic. The automatic nature of the system also means that, 

from the time of recording to the moment of processing in the computer, 
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the operator is unlikely to be fully acquainted with all the data collected 

and thereby loses some of the personal 'contact' which develops when 

taking down data by hand. This is an important point in a discipline 

like Atmospheric Physics where subjective inspection can often give birth 

to ideas for more rigorous analysis and, for this reason, the_ author 

believes it desirable to be equipped either with a simultaneous chart 

record of conditions or with a computer-drawn record of the type illustrated 

in Fig. 6.1. 

A real advantage of the system, on the other hand, is that the data

processing capability of digital computers allows the adoption of the 

ana]ysis techniques which would otherwise have been impossible to complete. 

The functions of cross-correlation and autocorrelation involve prohibitive 

quantities of repetitive arithmetic for a desk calculator and other 

techniques, for example, the spectral ana]ysis used in this work, probably 

owe their existence and development to the computer. An assessment of 

spectral analysis techniques is given in the next sect ion. 

The d.igitization of the potential gradient observations in precipitation 

was an essential step in the compensation for displacement curren~s in the 

precipitation current measurements (Sect. 5.1.2) and, in this way, 

digitization became an integral part of the measuring technique. This 

method was considered very satisfactory in view of the difficulties 

encountered by other workers with electronic compensation circuitry (for 

example, GROOM, 1966), and its use is recommended for future investigations 

in precipitation electricity. 

The investment of digital data in an information bank might prove to 

be a very useful enterprise~ This would require a standardised procedure 

for data collection and a standardised format of the data on computer · 

cards; for instance, records every 5s of potential gradient, in Vm- 1 , and 
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precipitation current, 
-2 in pA. m for conditions of nimbostratus, would 

accrue and enable ~esearchers, testing a new theory or tr,ying a new 

analysis technique, to have sufficient data to make a meaningful assessment 

of their ideas. A lack of data is often the stumbling block for a 

promising idea which may not be pursued again. The scheme of data 

collection could be reviewed, tf' ne.cessary, every few years. 

Meanwhile, it is hoped that the automatic recording system will 
I 

continue to give useful and efficient service. 

9.2 Variance spectrum analysis 

In this work, the preference for variancespectrum analysis introduced 

a fundamental dtfference in approach from other investigations of nimbo-

stratus electrification in that the time series records were split up 

into different frequency components to present a new view of the 

information contained L~ the r~cords. This analysis technique produced 

several notewort:P_y results, ou,tlined in Sect. 9.3, which, together with 

successes in ~~e kindred subject of ~oundary Ucy-er dynamics, suggest that 

there is promising scope for its application to many of the problems of 

atmospheric electricity, both in fair weather and disturbed. For precipi-

tation el.ectrici ty, the :present investigation has scratched the surface 

and there is more information t-o be derived from the spectra obtained. 

This may be achieved by refining the records with digital filters; a 

single exercise of this technique (Sect. 6.3) detected the presence of a 

current to the receiver due to a mechanical transfer of space charges, 

similar in nature with the effect found in fair weather (Sect. 8.4). The 

scope in fair weather is also wide; there are many outstanding problems 

which might succumb to suitable spectral analysis, for example, the 

mechanical movement of space charges in the lowest layers of the atmosphere, 
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and the puzzling space charge pulses of fine convective weather (OGDEN, 

1967). The physical mechanisms of the point discharge could also be 

studied in this 1.-re.y. 

Spectral analysis is a growing subject, becoming stronger as the 

gap closes between theoretical concepts and practi~al techniques for 

measuring and interpreting data, and it is likeq that in future it will 

be a major aid to progress in experimental Atmospheric Electricity. 

9·3 yrecipitation electricity 

9.3.1 Meteorological and electrical structure in nimbostratus 

The results of the variance spectrum an..aqsis of measurements of 

potential gradient and precipitation current in conditions of electrically 

quiet rain have been presented in detail in Sect. 6.2. 

Significant peaks in the coheren~y spectra of these two parameters 

(Sect. 6.2.2.) wer~ taken to indicate a fundamental periodicity in tl1e 

process, assumed to be located in the cloud, which gives opposite charges 

to the precipitation and to the ·charging region. This suggests that the 

process is not Qniform for the whole cloud but that it has regions of 

gt"ea.ter and lesser ac.tivi ty. In a similar man .. YJ.er, the physical appearance 

of any stratiform cloud is never uniform; the cloud has structure which 

is dependent on SIJ1..al.l.~ scale meterorological fluctuations. Studies of 

the nature of t..l"lis structure were mentioned in Sect. 6. 2. 2 where it was 

argued that links might exist between the electrical and the physical 

structures of nimbostratus with the important consequence that cross

identification of characteristics in both sorts of processes could lead 

to more refined weather forecasting on the sub-synoptic- scale. The 

intensive meteorological studies to be undertaken in Project Scillonia 

(MASON, 1969) should give a good opportunity for joint research along these 
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lines and it would be a great :pity if the electrical aspects of one of 

our more cornmon weather patterns were ignored. 

9· 3· 2 A model for nimbostratus eiea.trification 

A brief outline of a theory to explain the effects of nimbostratus 

electrification, which has been developed by a colleague, Mr. M. F. Stringfellow 

was given in Sect. 6. 2. 4, and details of results which support its :predic

tions were given :;in Sect. 6. 2.5. These com:pri sed est:ima.tions of the height 

of electrical activity which corresponded well with ~he observed melting 

level for the record in question. As a consequence, it can be seen that 

t..h.ere are ,electrical effects associated with th~ melting and freezing of 

water in nimbostratus just as in cumulonimbus, although the magnitude of 

the char~ separation is very much smaller. It seems that the increased 

separation in the thunder cloud must, in some way, be dependent on the 

more violent turbulent and convective activity normally associated with 

these ~?Onditions. 

The :periodic behaviour of Stringfellow's model as a functi\)n of the 

electrical relaxation time of the charging region was discussed in Sect. 

6.2.8. This allowed an ~stimate of t..h.e conductivity of the region to 

be made which was found. to be in accord with trevalues of conductivity for 

non-precipitating clouds. This augurs well for the validity of the theory 

and it is hoped that Mr. Strir...gfellow will very shortly :publish deta i;J..s of 

his model so that more exhaustive tests may be made on its design. 

9·3·3 Electrical :processes near the ·ground 

Most students of the :problem of the electrii'ication of nimbostratus, 

following CHALMERS (1956), preferred to assume a single charg~ separation 

in the snow cloud with a second process at melting for the rain cloud. 
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Recent measurements, mentioned in Sect. 2. 2. 3, have indicated a charge 

separation occurring \olell below the melting band and this will obviously 

interfere with those measurements made at the ground which are intended 

to study the activity i..r1 the cloud. The relationship of negative small

ion conductivity excess with potential gradient, discovered in Sect. 6. 2. 9, 

poses several questions. Two effects, drop splashing and drop shattering, 

were put forward as possible causes af the charge production but no clue 

was available to choose between them. Some relationship of negative 

conductivity· excess with wind speed at the ground was hinted. at but the 

evidence was not sufficiently strong to be presented here. It is possible 

that both effects were ;.,rorking in tand.em, and a further series of conduc

tivity and wind speed measurements, possibly at different heights close 

to the ground, Should be conducted to investigate these effects. 

A question mark also rests over the performance of the inverted field 

mill in precipitation. SF.ARPLESS (1968) established that the exposure 

factor of the mill was not infruenced by space charges close to the ground 

in fair weather, but it would be a worthwhile exercise to test this 

conclusion when the space charge densi~ is much greater than its normal 

fair weather value. This could be achieved, using an artificial ion 

~nerator, by comparing the performance of the inverted mill with an 

upright one L~ the plane af the earth's surface where high densities of 

space charge are present close to the ground. 

9·3·4 Mechanical-transfer currents to an exposed collector 

The existence of currents of space charges be :ing transferred to an 

exposed air-earth current collector by mechanical means has been detected 

in fair weather (Sect •. 8. 4.) and during precipitation (Sect. 6.3 ). 

The magnitude of this current in the latter conditions is uncertain 
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but it was shown (Sect. 6.3.1) that it could conceivably be .of the same 

order as the precipitation current. Therefore, the totally exposed receiver, 

often held to be the most reliable device to measure precipitation currents} 

displacement effects not-withst·anding, is prone to spurious cur-rents which 

probably do not affect a shielded collector. This is another aspect of 

the instrumentation for precipitation electricity measurements which should 

be ful~y investigated, possibly by using simultaneously rain receivers of 

both types. The desig.>J. of the shielded collector is discussed theoretically 

by OWOLABI and OLAOFE ( 1969). 

9.4 Fair weather ·Atmospheric Electricitl 

9.4.1 The l~hour recording system 

The design and performance of this system, which smooths measurements 

of atmospheric electric parameters and samples them once an hour, were 

described in Sect. 7·3· The device was installed at Lanehead,resulting 

in a major saving of time and effort ip the collection, and later in the 

computer analysis, of the data; this type of recording unit can form the 

backbone of any field statio!l where long-term continuous measurements are 

required for su,bsequent statistical analysis. The problems inhere!'!t in 

measurements out-of-doors, however_, rerrain; for example, insulation 

breakdown caused by moisture or insects can only be checked by regular 

inspection. 

The 1-hour recording U..l'lit was based on the general purpose analogue

to-digital recording system developed for the precipitation measurements 

and this had a capacity for sampling and recording the ten different 

parameters. Five fair weather electric parameters, time and an indl.cation 

of the occurrence of rainfall comprised the seven channels occupied in 

this work, and suggestions may be entertained for utilising the rerraining 

channels. 
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It should not be a difficult task to devise a means for recording 

that wind speed was less than a given value during an hour-long record. 

This suggestion is prompted by t_he interesting results of Sects. 8. 5 and 

8. 6 on measurements in light winds, which involved some time being spent 

on paper chart inspection. A device similar to the rain 1 switch 1 

(Sect. 1·3·!·) would be ideal. 

As it stands at present, the 1-hour system is only effectively being 

used for fair weather conditions. It is possible, using metal-·oxide field 

effect transistors (Sect. '7•3) to design an electronic circuit which will 

integrate and hold the ch..a.rge arriving at, say, a shielded rain collector 

during the period of an hour. The measured value of charge could be 

sampled and recorded by the d.igi tal system, and ihe integrator reset for 

the next hour. A record of this nature, for a year 1 s mea surerrent s, would 

produce a more reliable figure for the ~harge brought to earth by 

precipitation currents than can be derived with estinates from individual 

records. 

A third suggestion is that duplication of some of the instruments 

might prove to be a worthwhile experiment. For example, the measurement of 

potenti.al gradient or space charge density at hro heights near the g-round, 

while still providing the information required before, would also give a 

valuable insigpt into the way these elements vary with height. Alternatively, 

the recording system could be used as a test-bed for atmospheric electric 

instruments: the behaviour of the inverted field mill could. be compared 

with an upright mill either in the long-term, using the 1·-hour system, or 

in finer detail by using the recording system in its fast sampling mode. 

9.4.2 Seasonal differences in the diurnal variations of the main 
atmospheric electric elements 

Sect. 8.3 was devoted to a discussion of' the seasonal differences in 
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form of the ditnnal variations of potential gradient, total air-earth 

current density and space charge density. The similarities of the air

earth current variations and the space charge variations were explained 

in terms of the 'mechanical-trarsfer' current of space charges to an 

exposed receiver (Sectl) 8. 4-). 

An explanation w.s also offered for the reason why the more marked 

diurnal variatiun af potential gradient occurred in the winter months whilst 

the dist.inctive diur!lEI.l variation of space charge density w.s more apparent 

in sunnner. The existence of enhanced convective activity in the lower 

atmosphere in swmner was introduced as the basic influence controlling 

these electric rarameters; the lifting of small ion-capturing nuclei awa;y. 

from the ground produces an increased total conductivity, and hence a 

smaller potential gradient, at the surface of the earth. This predicts 

that we should fiP..d a seasonal increase of total conductivity in the 

afternoon hours for summer months, but, in the present work, measurements 

were made only for the period October 1968 to June 1969 and these cannot 

produce the necessary details of seasonal differences. Here, then, is 

the basis of a te.st for the explanation offered: measurements at the 

grou..'ld are needed_, almost certainly of more than 2 years duration, to 

determine the existence, if any, of seasonal differences in the d.iurn..al 

variation af total conductivity. 

9· 4. 3 The mechanical-transfer current 

Four separate pieces of evidence can be produced. to support the 

existence of a mechanically controlled current of space charges to an 

exposed plate of the sort fi:cst used by WILSON (1906 ). In this work,, the 

c.urrent has been identified twice: firstly, in fair weather results 

(Sect. 8.4) a..nd secondly in conditions of precipitation (Sect. 6.3), ·when 

there is generally a greater density of spac.e charges close to :the ground~ 
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The other two effects were observed concurrently by a colleague, 

Dr. L. H. Dayaratna~ In his work DA.YARATNA (1969) found that an exposed 

plate collected more current than did a horizontal wire of much gr·eater 

conduction cross-section. To test his suggestion that this difference 

was dut:> t.o space char·ge advection to the plate, Dayaratna conducted some 

wind tunnel experiments with artificially produced space charges passing 

over a model plate. The effects of the air speed and of the potential 

applied to a parallel plate were assessed with the conclusion that, for 

-1 
potential gradients of less than 1000 Vm , the movements of large ions 

were entirely controlled by air motion. 

This evidence and these assertions must cause us i-.n examine critically 

the purpose and the properties of the exposed plate current receiver. 

It is generally assumed, under the concept of the quasi-static state, that 

the charge distribution in the atmosphere in fair w-eather is unchanging 

and that, allowing currents continuity across boundaries, the only result-

ant current to a plate in the surface of the earth will be the conduction 

current determined by the potential of the electrosphere and the 

conductivity of air. Small, localised perturbations of this state, it is 

thought, will be random and will cancel out over a period of time. This, 

however, does not appear to be the case in view of the :r.esu+ts glven in 

Sect. 8. 4 which show that the mechanical-transfer current is of the same 

order- of magnitude as the conduction current. An exposed plate measures 

t.l-J.e total current to that particular plate and not just a representative 

fraction of the conduction current. 

It is important to determine how the total current to a plate depends 

upon the size and nature of the exposed surface and how it depends upon 

wind speed and other meteorological factors. Thought must be then given 

to the value of such a device as an instrument of Atmospheric Electricity. 
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APPENDIX 1 

THE MONTHLY DTIJRNAL VARIATIONS - AUGUST 1968 TO_ JULY 1969 

The following 12 diag_"Y'8.llls depict the average diurnal variations for 

5 atmospheric electric elements measured L~ fair weather at Lanehead for 

the period August 1968 to July 1969. 

The parameters are: 

F potential gradient -1 in Vm , 

I total air-earth,current density in :pA 
-2 m 

p - space charge density in pC m-3, 

"+ positive small- ion conductivity -1 -1 
inn m , 

and " negative small-ion conductivity 
-1 -1· 

inn m 0 
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APPENDIX 2 

HORIZONTAL WIND FORCES ON A FALLING PRECIPITATION PARTICLE 

A differential equation is set up, in Sect. 6.2.6, which describes the 

horizontal Qehaviour of a falling drop When it is acted upon by a vertical 

wind shear. The equation is: 

dw 
dt = ~ { (V - € t) - w } 

2 

This is a differential equation of the form: 

dy = (y + x)2 
dx 

Which may be altered by the identity: 

l + ~ = ~ (y + x) 

Thus: 

d (y+x) 2 ( )2 dX = l + y +X 

This has a standard form of solution. 

We may rewrite the equation for the for~e on the drop as: 

The solution is: 

Where c is a constant of integration. 

When t = 0 f' w = V and c = · 0· 
dx 

We may substitute dt for w, thus: 

dx 
V - Et - dt = 
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This equation describes the horizontal displacement, x, of the drop wtth 

time t: 

In its turn, this equation is solved to give the horizontal range of 

the drop_, XD' in terms of the total fall time from the point of interest, 

H' (Sect. 6.2.6). 'l'he solution is: 

(V-tv.) H 
2J.1 

(V-v )H'2 

2m,l 
vH' --

The ra~e of the cloud, X , is given by theproduct of cloud speed and 
c 

elapsed tLme from the origin (see Fig. 6.6): 

X = c 
V(H-H') 

ll 

where ll is the vertical terminal velocity of 4he particle. Therefore: 

The 

the 

That 

X - X c D 

time lag between 

precipitation at 

l."'. 0. 

6T 

the 

the 

= 

= V_,_(H_-_H_' ..... ) 
jJ 

charge centre 

ground is: 

(Xc - XD) 

charge speed 

(V+v)H (V-v)H'2 

2 jJ + -2Hj.l- + 

being overhead and the 

vH' 
jJ 

arrival 

(V+v )H + (V-v )!1'2 + vH' \ //( V 
~ atH l.l y \ (V-v )H' ) 

.H 

This reduces to the quadratic equation: 

of 
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