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Abstract

Continuvus measurements have besn made of the air-earth
current density, by the direct method, potential gradient, space
charge density, by filtration, and the positive conductivity at
Lanehead, sitﬁated in the N, Pennines, 440m above sea levsl, Wind
speed, wind direction and rate of rainfall were also revcrded, but
the measuremsnts used only qualitatively., The problsms of meking
continuous measurements for long periods of time and undser
difficult weather conditions are discussed.

The results can be divided into two types: fair weather and
disturbed weather, Of the former, diurnal variations for the one-
year period July 1967 to June 1968 were salculated, That of
potential gradient shows a close similarity with the variation
found on the Carnegie in the Pacific (TORRESON et al, 1946),
contrary to expectations for a land station within the austausch
ragion, The air-earth current, on the other hand, is found to
depend on the variation in columnar resistance, and its variation
is similar to that of the space charge density. The diurnal variation of
columnar resistance is estimated, and the role of pollution in
controlling this variation is discussed,

For disturbed weather, a high positive correlation has been
found between space charge density and potential gradient at the
ground during steady precipitation. Both were mostly negative

during the precipitation, i.,e, of opposite sign to the




precipitation current, Splashing and point discharge are ruled
out as sources of the space charge;, so that the results imply

some charge saparation process within a few tena of metres of the
ground giving positive charge to the rain and negative to the air,
For 42 periods of steady rain, with some of snow, relations of the
form F = A/ﬁ} + B were calculated and the frequency distributions
of A and B are given,

The importance of making continuous measursments of several
electric parameters is stressed, together with the necessity of
uging statistical methods to eliminate the effects of unknown
variables such as meteorological conditions. An atmospheric
electric station has besn set up at Lanehead, where air pollution
is low, and an atmospheric electric climate for the station has

been established,
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CHAPTER 1

SOME RELEVANT ASPECTS OF ATMOSPHERIC ELECTRICITY

1.1 The General ?rinciples Involved

1.1,1 Definitions for some frequently used terms

The scope of this chapter is to outline the general principles of
Atmospheric Electricity, in particular those aspects which are directly
relevant to the present work, It is not intended that a detailed review
of past work be given as this may be found elsewhere, such as in CHALMERS
(1967a). It is oconvenient here to define some of the terms which are
used later in the chapter and which are peculiar to atmospheric
electricity.

In the atmosphere,charges are constantly moving and give rise to
electric ourrents, However,if these currents are steady then there

exists & condition of dynamic equilibrium known as a quasi-static State.

Charges which move out of a region are constantly being replaced By others,
so maintaining a constant distribution of charge. By the principle of

the quasi-static state the usual laws of electrostatics can be applied.
Also it follows that the Vertiéal current density must not vary with
height, otherwise the distribution of charge would vary, and Ohm's Law

may be used to describe the electrical properties associated wifh this
fléw of charge, In noh-steady conditions only the initial and final

states, if these are steady, may be described by the principle of the

“-\32\‘.‘\}7!;-':)' T
even‘here
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the time taken for enﬁditions to séttle down to the nmew quasi-static state,

This time is dMnt upon the relaxation time, which is discussed in

1.1.6. |
Aneeiplanat'iqn for the 'u-se of the expression Potentisl gradient

instead of field is needed here, A positive potential gradient at a

point in the atmosphere is defined as that whioh is produoed by a

positive charge vertically above that point, In such a case the electrie

field, B, is given by '

E o= -9y
dh

where h, the height of the point, is measured positively upwards, Onm
the other hand from the above definition it is seen that the potential
gradient, F, must be given by

F = av
ah

giving F = ~E, Earlier workers used the word field to describe F not .

E so that ambiguities resulted. As a result the term potential gradient, -
which is non;-ambiguous, is used instead,

| The columnar msistme is defined as the resistance ﬁf a solumn

of air of unit cross-section, im> in M.K.S., from the earth up to the
electrosphere (ses 1.1,2). The units are () , although dimensional
problems ocour when applying Ohm's Law, which implies the use of Q) mz

as the unit of‘ool-\m‘mr'rosiatance. This can bo. seen to be physically .

unacoeptable as a choice of unit.




-3

1,12 The electrosphere and the fine weather potential gradient

The existence of a highly conducting layer in the upper
atmosphere has been demonstrated by the reflection of radio waves,
This layer, the ionosphere, is about 140km above the earth's
surface, although radio waves are reflected from layers as low as
80km, and its high conductivity is due to ionization mainly by
solar radiation. For the purposes of atmospheric electricity the
atmosphere is sufficiently conducting down to about 50km where it
is referred to as the Electrosphere, The combination of the earth
and electrosphere then form a giant spherical eondenser with the
atmosphere as its dielectriq, In fine weather there exists a
positive potential gradient at the earth‘'s surface implying a
positive charge on the electrosphere, Since the air is not g
perfect insulator then this charge, unless replenished, would be
reduced to zero in a few minutes, The conductivity of the air is
due to ionization by coémic rays and, near the ground, by
radicactivity in the air itself, The columnar resistance, that
is the total resistance of a coiumn of cross section 1 m2, is

about 1017

ohms so th#t the total resistance between earth and
electrosphere is about 200 ohms,

One of the main problems in atmospheric electricity has
been accounting for the maintenance of the potential difference
between earth and electrosphere, WILSON (1920) first showed
that thunder clouds usually behaved as if they contained a

dipole of positive polarity, that is with the positive charge




-k -

above the negative charge. Therefore a positive conduction

current would flow upwards between the ground and the cloud and
f:om the cloud to the electrosphere. This charge transfer would
then help to maintain the fine weather conduction current which

is directed downwards, Lightning discharges to the groundcon balance
bring negative charge, and point discharge currents, from points |
on the earth's surface,provide a further means of charge transfer,
If the positive charge transferred to the electrosphere and
negative charge to earth are both quickly distributed evenly over
fine weather areas,then the potential of the electrosphere will

at any one time be dependent on the simultaneous thunderstorm
activity over the whole earth., The world-wide thunderstorm.
activity does show a definite variation with time of day ahd the
extent to which the atmospheric electric parameters reflect this

variation will be discussed in 1.2,

1.1.3 The conduction of charge in the atmosphere

Considering only electrical processes, and neglecting any
horizontal transfer of charge, then the vertical air-earth
conduction current density must be constant with height to agree
with the principle of the quasi-static state, The conduetivity
of the air is due almost entirely to small ions of mobility
approximately 10-1+ ms-1 per Vm-1. These small ions each consist

of an ionized molecule, with, attached to it, a cluster of

neutral molecules, The mobility of large ions, which are formed
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by small particles becoming attached to small ions, is very small
80 these play little part in conduction unless their concentration
is high enough.

Since the current remains constant with height then Ohm's Law
can be used to show the relatiox; between the potential gradient, P,
and the conductivity >\ . The conduction current density, I,

is given by

I - >\F

where I is in Am-z, )\ in {1 - m=1 and F in Vm-1.
Dimensionally, then, the equation is correct. From this it can
be.. seen that for I to be constant then F oc | / >\ .
Poisson's equation can be used to determine the density of space
charge resulting from the variation of conductivity with height,
Consider a horizontal layer of air at height Z and thickmess dz
containing a space charge density, /2 due to the change in
conductivity across thié layer., Ohm's Law gives, at this level
I = AF
where I is the current density vertically through this horizontal
layer. Differentiating:
aI = AdF + FaA

If there is a discontinuity in )\ then only I remains constant

S, dal = 0 = AQF + FA X
So QF = -F = -I
@ R e

Herg, of course, all three variables I,F and A are functions
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of z, From Poisson's equation

d_F:.../g.
iz €
o P = -6 & = - g &, A
dz Eﬁi Z
= I aA
VI

This may be written more conveniently as
L= - & T3
dz (A)

This means that if the conductivity increases with height then
the space charge will be positive, Physically this can be
interpreted in terms of the number of lines of force decreasing
with height, bearing in mind that the fine weather potential
gradient is positive,

Ohm's Law may be written in two forms:

I = AF
and I = V
Re

where V and Rc are the potential éf the electrosphere and the
columnar resistance, The difficulties, mentioned in 1.1.1,
involved in the choice of units for R; are obvious here, since

in the second equation I appears to be a current and not a current
density. However, in the second equation, I is seen to be
dimensionally the same as in the first if one considers that R

is the resistance of a column of unit cross-section. The potential

gradient can now be written as

L}
<

P =

Wi
>
&
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If R remains constant then I is proportional to V whereas P is
proportional to V/A . 1In practice the conductivity is
greatly affected by local pollution and so will often influence
F more than V will, Since I is not dependent on A , except
in soc far as py affects R, then this should give a better
indication, than F, of the variation of V in regions influenced
by local pollution, This dedustion is very important in the
comparizon of the world-wide thunderstorm activity with the

fine-weather atmospheric elements,

1.1.4 Gonvection currents

In fine weather, convection will carry any excess space
charge near the ground up to the top of the austausch region,
Within this region, which is the lowest part of the atmosphere,
thorough mixing of the air occurs, Its upper limit depends on
meteorological conditions and may be at any height up to about
3xm, It may coincide with a temperature inversion level, The
resulting convection currents, which will be positively upwards
for an excess of positive space charge, will therefore oppose
the conduction current., Since there can be little or no
convection above the austausch region, then only conduction
currents will be present here, while within the austausch
region both components exist. The conduction current density
within the austausch region will therefore be greater than that

above, to prevent accumulation of space charge at the boundary,
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Direct measurements of air-earth current density, by collecting
charge on an isolated section of the earth's surface, should
yield ths value of the conduction current density above the
austausch region and so give the total current density between

the earth and upper atmosphere, Indirect measurements, using the
expression I = A F, will give only the conduction current
within the austausch, 3o excluding the convection current
component, CHALMERS (1967b) considered the effect of the

positive space charge near the ground in assisting the maintenance
of the earth's negative charge and came to the conclusion that the
convection current component, in theory, was probably negligible,
In practice, the extent to which convection influences the air-

earth current is not accurately known,

1.1.5 Space charge in the air

The space charge density denotes the net density of unbalanced
charge in the atmosphere and mey be either primary or secondary.
Primary space charges, which may be produced either artificially,
from industrial smoke, vehicle exhaust etc., or naturally, from
precipitation, point discharge etec., are transported mostly by
wind and diffusion, As well as these there are also secondary
space charges, which are due, for example, to the variation of
conductivity with height and also, close to the ground, as a
consequence of the electrode effect (see 1,1.7). Wind motion

may convert secondary space charge to primary, Packets of space
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charge are responsible for the short term fluctuations in the fine
weather potential gradient, These packets may be due to a sudden
burst of space charge from a vehicle exhaust, or else due to
convection cells carrying excess space charge from close to the

ground, A packet of space charge of density 8.85 pC m“‘3

and of
vertical thickness 1 m will produce a change in the potential

gradient, neglecting edge effects, of 1 mez

1.1,6 Displacement currents and the relaxation time of the
atmosphere

The total air-sarth current in fine weather comprises both

conduction and convection currents and may be measured by
observing the rate at which an isolated section of the earth's
surface accumulates charge, The surface of such a collector will
contain a bound charge as a result of the fine-weather potential
gradient, Any variation in this latter quantity will cause
displecement currents to be observed due to similar variations

in the bound charge. A potential gradient changing at 1 Vm_1s-1
will produce a displacement current of 8,85 pA m-2 compared with
the normal value for conduction current of around 2 pA m-2. Ir
over a period of some minutes, during fine weather, the net
potential gradient change is no more than, say, 10 Vm-1, then

the net change in bound charge will be within + 88.5 pe m-z,

For a period of, say, 10 minutes the average displacement current

will be only 0,15 pA m-2 which is less than 10% of the normal

conduction current, This means that a simple means of eliminating
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the displacement currents would be to use a time constant of the
order of several minutes in the measuring instrument, An improve~-
ment of thiz method was due to KASEMIR (1955) who showed that by
connecting his collector tc earth via a parallel combination of
resistance and capacitance, of time constant numerically equal
to &,/ N\ , complete compensation could be achieved.

The gquantity Ea/)\ is numerically equal to the relaxation
time of the atmosphere, Considering two horizontal planes, each
of area A, in the atmosphere, one d metres vertically above the

other then the resistance, R, between the two planes will be

R = d
AN
and the capacitance of this parallel plate condenser is given by
C = €o A
d

The time constant CR then is

CR = ggA. % g = Eo
] A A

which is the relaxation time of the atmosphere, sc that it can be
seen that Kasemir's method of compensation amounts to matching the
measuring instrument to the atmosphere. Since capacitative
effects are involved in the atmosphere, Ohm's Law will hold

only for changes slow compared with the relaxation time, which

is typically about 15 minutes, For faster changes, the variation
of air-earth current will lag behind that of the potential

gradient. When applying the condition of the quasi-static state,
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then only slow changes must be considered. If there is a rapid
change in field due perhaps to a lightning discharge, from one
steady value to a final one, then the charges in the atmosphere
will be redistributed in a time dependent on the relaxation time,
until a new steady state or quasi-static state has been
established, Here again, then, the principle of the quasi-static
state can be employed but only when describing initial and final

conditions and not the changes in between,

1,1.7 The electrode effect

BENT and HUTCHINSON(1966) defined the electrode effect in
such a way as to be applicable to widely different conditions.
Their definition states: "In atmospheric electricity the
electrode effect is themodification of elements such as space
charge distribution, conductivity and potential gradient near an
earthed electrode, which may be a raised object or the surface
of the Earth itself, because in the prevailing electric field
ions of one sign are attracted towards the electrode, whilst
those of the opposite sign are repelled from it." CHALMERS (1966)
has thoroughly investigated the theoretical considerations to
explain the non-existence of the simple electrode effect., In
fine weather, with the normal positive potential gradient, the
electrode effect should manifest itself by producing a large
excess of space charge close to the ground, Most workers have

either found very little or no evidence of the electrode effect,
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Ionization by radiocactivity is one possible cause for the lack of
the electrode effect, which may also be inhibited by wind motion,
CROZIER (1963), however, found strong evidence of the electrode
effect in New Mexico during calm night-time periods, when he found
a very high exéess of positive space charge very close to the
ground, BENT and HUTCHINSON (1965) observed unusual space charge
effects which they attributed to the electrode effect near the top

of a 21m mast,

1.2 Fair WeatherDiMzmﬁngriations

1,2,1 World-wide thunderstorm getivity

APPLETON (1925) first suggested that the variation of fine
weather potential gradient might be similar to the variation in
number of thunderstorms over the whole earth, The diurnal
variation of potential gradient measured by MAUCHLY (1923)
during the cruise of the ‘Carnegie' was found to agree well with
the diurndl variation of the world-wide thunderstorm activity as
given by WHIPPLE and SCRASE (1936). Both variations show a
minimum at about 03 hours G.M,T. with a gradual increase to a
maximum at about 19 hours witha more rapid fall-off, The
thunderstorm variation also contains another meximum at 14 hours
but for the potential gradient it is much less pronounced. HOGG
(1950), using results from 18 stations, found a similar agreement

with air-earth current, which would be expected to suffer less
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from pollution, CHALMERS (1967&) provides more details of similar
results which agree with the world-wide thunderstorm activity,
Apart from these some workers have found diurnal variations
dependent on local pollution and showing no similarity with
wopld-wide effects,

ISRAEL and de BRUIJN(1967) endeavoured to correlate the
simultaneous daily means of potential gradient for pairs of stations
in N, Americe at large mutual distances, From the very loﬁ
correlation coefficients obtained, they concluded that local
disturbances were too pronounced for any world-wide effect to be
discernible. They also took readings of potential gradient,
air-earth current density and conductivity from two stations in
the Alpg at altitudes of over 3,000 m, The three correlation
coefficients which they obtained were low, but the largest was
for the air-earth current and the lowest for conductivity,
indicating the effect pollution has on conductivity and potential
gradient, From this it was suggested that more detailed
observations of the world-wide thunderstorm activity were
needed as well as increasing the scope of atmospheric electric

measurements,

1.2,2 Some results of diurnal variations

In contrast to measurements made at sea,SCRASE (1933) at
Kew founddiurnal variations of the air-earth current which showed

different forms at different times of the year, In Winter he
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found the maximum and minimum to occur at ﬁ hours and 21 hours
respectively while in Summer these were midnight and 13 hours
G.M.T, The potential gradient showed a greater variation with
double maxima and minima, HATAKEYAMA and KAWANO (1953) measured
the diurnal variation of potential gradient at 8 atations in the
Japan archipelago, They found semi-dfiirmell components also, and
the main maxima and minima at a1l stations generally coincided.
In larger cities they found thediurmal variation to be controlled
mostly by the conductivity while in rural conditions only the semi-
diurnal component was controlled in this way. The maximum of the
diurnal component occured at about 22 hours G.M.T.

COBB and PHILLIPS (1962), from a year's continuous
measurements at a station in Hawaii, produced sets of diurnal
variations for a number of the fine--weather parameters, Their
site, at a height of 3,394 m above sea level on the side of the
mountain Mauna Loa, suffered very little from local pollution or
weather effects, so that a comparison with the world-wide effects
could be made. Thediurnal variations of potential gradient, air-
earth current and conductivity were compared with those of
TORRESON et.al, (1946) whose measurements were made in the Pacific
Ocgan duriﬂg the cruise of the 'Cafnegie', 1929, The variations
for air-esarth current agreed very well, while for potential
gradient there was a time lag of about 2 hours between the two
variations, The measurements of conductivity showed little
resemblance as might be expected between a land station and one

at sea,
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1.3 Numerical Values of Atmospheric Electric Parameters

1.3.1 The Potential Gradient

Most measurements of potential gradient have been made at or
near the earth's surface by a number of different methods, Earlier
workers used antennas for measuring the potential of the air at
different heights, while more recently field mills have been used.
In comparing measurements of potential gradient, and other para-
meters, at different locations it is convenient to take annual
weans of fair-weather values so as to eliminate seasonal or
diurnal variations. SCRASE (1933) found means for Summer and
Winter at Kew to be 285 V o' and 485 V m respectively, the
difference being because the greater pollution in Winter, from
domestic fires for example, lowered the conductivity., In general
the higher the pollution the higher is the potential gradient, so
that at sea the average values are only about 100 V m-1.

Potential gradients measured on high mountains are usually found
to be greater than at sea even after correction has been made
for the exposure factor of the station, ISRAEL (1957)
attributed the mean value, at the Jung fraujoch, of 149 V m—1 to
the high altitude causing a reductiom in the. columnar resistance.
At Mauna Loa COBB and PHILLIPS (1962), although at a similar

altitude, found the somewhat lower mean value of 120,5 V m-1.

1.3.2 The air-earth current density

Indirect measurements of conduction current density using
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the relation I = )\ P, give different results from direct
measurements of the total fine-weather air-earth current density,
due to the presence of convection currents, Average values by
direct measurement usually lie between 1 end 4 pA m-z for land
stations and sometimes greater for mountain stations and at

sea, due to the smaller columnar resistance, At Mauna Loa, for
example, a value of 5.4 pA m-z' was found whilst at Kew the

corresponding value was 1,1 pA w2,

103;3 Space charge density

Values of space charge density, in fine weather, differ

widely from place to place both in magnitude and sign. KAHLER
(1927) measured the space charge density by the cage method. He
used a water dropper to measure the potential at a point in an
earthed metal cage, containing the space charge to be measured,
and found positive values between 60 and 300 pC n~> with a mean

3

of 193 pC m ~. OBOLENSKY (1925) was the first to measure space

charge by sucking air through a filter which collects the charge,
His results, which gave negative values in Summer, averaged +1,2

3

pC m °, An average of +28 pC o~ was found by BROWN (1930) and

at Cambridge, LAW (1963) found average values of +10 pC m_3 by

day and -20 pC n

at night at a height of 0,5 m above the ground.
CROZIER (1963), on the New Mexico semi-desert, found high values
of up to 500 pC mfj, very close to the ground in still night-

time conditions, He attributed this to a manifestation of the
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electrode effect, SMIDDY and CHALMERS (1960) found a mean vglue

of -~20 pC >

from 1 to 3m, using a double field mill, while BENT
and HUTCHINSON (1966), also in Durham but using filtration
apparatus, found values nearly always to be within the limits

+ 60 pC m™.

1.3.4 Summary of average values

In Table 1 are given the average values of the more
important atmospheric electric parameters, It is reproduced from
CHALMERS (1967a). The actual values given are from earlier
measurements, and exclude more recent valuss, However, they do
present an indication of the average values to be expected at

stations in different locations,

TABLE 1
Units Kew Land Oceans
Stations

Potential gradient Vo 365 130 126
Air-earth current -2

density PA m 1.12 2.4 3.7
Conductivity 1wty o3 1.8 2.8
Space charge density PC n 10 10 -

Columnar resistance 17
(for 1 m? cross-section) 10 ‘() 4,0 1.9 1,2
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1.4 Disturbed Weather Phenomena

1.4.1 Non-precipitating conditions

Even in apparently fine weather the atmospheric slectric
elements can be influenced by minor meteorological phenomena, as
well as by man-made pollution, Convection is one example already
discussed, while turbulent air motion can also play a part,
especially where space charge densities are high, This means that
true fine-weather periods, where there are no disturbances, may
be so rare that no very useful information can be gained during
these periods, It is therefore necessary to consider the
importance of these other periods, which may be termed fair
weather periods, as distinct from fine weather, where the
disturbances are an inherent part of the atmospheric electric
climate. This will be further discussed in Chap., 5 where a
definition of fair weather is given as relevant to the present
work,

.Excluding fair-weather conditions then, disturbed weather
covers mist, fog, precipitation, lightning, blowing and melting
snow and associated phenomena, Even non-precipitating clouds
can give rise to high potential gradients, especially thunder-
clouds where the potential gradient can exceed 15,000 Vm-1. In
mist and fog the conductivity is reduced to about one third its
normal value, by the presence of small particles to which the

small ions become attached. The potential gradient therefore
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increases while the air-earth current density remains neafly
constant, In mountain fogs, which are more localized; the

current flows round the poorly conducting region so that no
appreciable increase in potential gradient is found, Negative
potential gradiénts have been observed in mist and fog on some
osgasions and were found by BENT and HUTCHINSON (1966) to be due
to negative space charge from insulation breakdown at high tension

power lines.

1.4.2 Precipitation electricity

Measurements of the charge brought to earth by precipitation
have been made by two distinct methods: single drop measurements
and total precipitation currents, Shielded collectors have been
used to measure precipitation currents, as then both conduction
and displacement currents are eliminated, In windy conditions,
though, the shielded collector excludes many of the smaller
drops, so that the results may not represent a fair sample of
rain, SCRASE (1938) found that his collector received only
half the amount of rain caught by a standard rain gauge, On
the other hand the exposed receiver suffers from displacement
currents which, in showery and stormy conditions, cen
invalidate the results obtained unless adequate compensation is
provided, This type of collector will also measure the conduction
current but for some purposes this may be more of an advantage

than a disadvantage,
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Many observers have divided rain into three types: continu-
ous rain, showery rain and stormy rain, For all but very light
rain, the precipitation current has been found to be usually
opposite in sign to the potential gradient and for continuous
rain is mostly positive., SIMPSON (1949) derived empiriedllyca
relation between precipitation current density I rate of rain-
fall R, in mm hr'1, and potential gradient F as:

I = -1.33x10° %R (F=400)
CHALMERS (1956),without taking rate of precipitation into
account, found the following two relations for the total current
to earth:

I -1.,18 x 10_1# (F -150) for rain

and I ~0,92 x 1074 (F-440) for snow

In each case the subtractive term is stated to be the fine
weather potential gradient, REITER (1965) gives similar
expressions for different conditions of non-stormy precipitation
with the exception of the subtractive term, which was only

LoV m_1 but which agreed with the measured value of the fine
weather potential gradient, All the above relations show that
for potential gradients greater than the fine.weather value, the
precipitation current is negative. This inverse relation has
been observed by most workers, sometimes together with the mirror
image effect, where the precipitation current and potential
gradient change sign almost simultaneously, one being the mirror

image of the other in the time axis,
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1.4.3 Space charge in rain

Very little information isavailable of space charge
densities during precipitation, One reason for this is that the
usual filtration method is difficult to use, with success, in
rain, especially if this is heavy. ADKINS (1959b) made some
measurements of space charge during rain and found low values,
unless the rain became heavy when the sign of the space charge
was found to be opposite to that of the potential gradient, By
means of laboratory experiments, he showed that in low potential
gradients this inverse relation was due to splashing at the
ground, while for higher potential gradients point discharge
produced considerable space charge. In thess latter conditions,
the charge released by splashing was in the form of small ions
of high mobility., These may have been either singly charged
clusters of water molecules or more highly charged larger drop-
lets, ADKINS pointed out that the space charge near the ground
can have a pronounced influence on the potential gradient in all
weather conditions. He stressed the importance of taking great
care when interpreting results of potential gradient measurements,

Contrary to the results of ADKINS, SMIDDY and CHALMERS (1960)
found only negative space charges during rain, often accompanied
by e negative potential gradient. In earlier times KELVIN (1860)
discovered that, during steady rain, his measurements of the

potential gradient at the ground sometimes gave negative values,
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while at the top of a 30m tower the values were positive,
CHAUVEAU (1900) found similar results for the Eiffel Tower,

This suggests that near the ground there is a concentration of
negative space charge which is controlling the potential gradient
at the ground, If this negative space charge is related to the
positive charge usually found on rain, then some process of charge
separation near the ground mey be occuring., SIMPSON (1915)
suggested that the shattering of drops by the wind might cause
separation but later (SIMPSON, 1942) abandoned the idea, SMITH
(1955) suggested splashing, although the extent of this would
depend on the rate of rain-fall and the surface of the ground,
ADKINS (1959a) suggested melting as a means of producing the
negative charge and REITER (1955) gave results agreeing with

this theory,

COLLIN, RAISBECK and CHALMERS (1963) measured the
potential gradient at the top and bottom of a 25m mast, After
correcting for the exposure factor of the mast, the space
charge between the two was calculated from the difference
between the two potential gradients, They found a linear
relation between the ground level potential gradient and the
deduced space charge density for results on 3 different
occasions, The actual relation varied from one occagion to

another,




CHAPTER 2

THE NATURE OF THE PRESENT INVESTIGATION AT LANEHEAD

2.1 The Scope of the Work

2.1.1 Preliminary considerations

When making measurements of the atmospheric elements it is
necessary to consider the aim of the work, before deciding on
the type of observations that are to be made., This includes the
decision as to whether the observations should be continuous or
intermittent, In earlier work, continuous observations were made
over long periods of time, often only of potential gradient,
From measurements in fair weather the average diurnal and
seasonal variations were calculated, Extending these measure-
ments to several parameters, one can obtain what ISRAEL (1957)
calls an "electric climatology" for that station, As mentioned
in Chapter 1, the results of such measurements are very variable,
as both local pollution and weather conditions can disguise any
world-wide tendencies. ISRAEL and de BRUIJN (1967) have made
comparisons between measursments of the fair-weather potential
gradient from different stations at large mutual distances, The
lack of correlation prompted them to propose that a new situation
existed. "An isolation of the global effects from daily, monthly
and annual means of the atmospheric electric elemenfs at

continental stations must be assumed impossible."
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It must be accepted, therefore, that local weather
conditions play an important part in controlling the atmospheric
electric climate, At meteorological stations, usually, many
parameters are continually observed, In much the same way it
is necessary to make continuous observations of the important
atmospheric electric elements, at sites free from unnatural
pollution. COBB and PHILLIPS (1962) established what they
term "an atmospheric benchmark" at Mauna Loa, Hawaii, The
station, at an altitude of 3.4 km, is well above the trade

inversion, and COBB (1968) considers that "the monitored

electrical elements will yield data interpretable as an index

of the amount of particulate matter suspended in the atmosphere."
DOLEZALEK (1958) pointed out that electrical measurements might
be able to help in the elucidation of meteorological problems,
since meteorological effects which are similar may have different
electrical characteristics,

The effect of local weathar conditions can make it difficult
to select non-~disturbed periods for analysis, ISRAFL and
LAHMEYER (1948) have pointed out the wide range of choices of
periods which have been used. They proposed that every
observation should be used, unless precipitation was actually
falling at the time, This criterion relies on the disturbances
occurring randomly, and in such a way that the results show no
dependence on local effects, As already discussed, the results

of diurnal and seasonal variations will depend a great dedl on
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local pollution, if this is present, since no amount of
averaging will cancel out the disturbances which themselves

have definite diurmal or seasonal variations. However, by
teking an average of a large numbsr of cbservations;, the results
probably have more general application than single messurements
made under carefully specified conditions, In disturbed
weather it is very difficult to specify all the conditions, so
that individual cbservations ars rot of much value on their

own, By taking a larger number of ohzerwations, in conditions
which may be specified less precisely, sn average result can

be found, together with an indication of the spread of the ’
results, Statistical methods can bs used to test the
reproducibility of results and provide a means of eliminating
some of the unknown variables, Individual observations may
differ widely from the mean, but the analysis of a large
number of observations may yield bsitar information of the
processes involved than a small number of observations under

closely specified conditions.

2,1.,2 Continuous observations at Lanshead

In the present work, an attempt has been made to make
continuous measurements, over a long period of time, under all

weather conditions, Observations were made of air-earth current,

with an expoased collector, potential gxradient, space charge and

poasitive conductivity, When choosing the methods of measurement
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it was hoped to use standard, tried-and-tested equipment, so
as to spend nc more time than was necessary in the design,
construction and installation of the apparatus, Unfortunately,
there was very little suitable equipment available, while, for
potential gradient and air-earth current, there was none at all.
The available equipment had been designed for intermittent use
in fair weather, so that various modifications and additions
were necessary, It was essential that the equipment should be
reliable under all conditions, yet stiil sufficiently accurate
for the purpose., The many probiems associated with making
continuous observations are discussed fully in Chapter 4.

The data . for both fair weather and disturbed weather have
been analysed by statistical methods, bearing in mind the

content of the preceding section,

2.1,3 Choice of the site

For many years, measurements of the atmospheric electric
elements have been made, but énly intermittently, in Durham at
the University Observatory. In recent years, the increase in
motor traffic and the greater building up of the area, have
resulted in higher atmospheric pollution, although this ias
still low compared with that at the majqrity of towns and
cities in this country, Recent space charge measurements have
indicated that the extent of this pollution may have had an

appreciable effect on the electric climate, There is no







View of Lanehead from East

The station is near the centre in front of the
plantation of conifers. The gradual slope of the ground

near the site c¢an be seen,
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evidence that the space charge content in the air has increased,
yet its presence has made fine-weather measurements difficult to
interpret. Heavy lorries passing within about 300 m of the
Observatory provide a large proportion of the space charge.
Domestic fires, and diesel locomotives on the nearby railway,
must also have played some part, Negative space charges in

fog have also been observed and attributed to insulation
breakdown at the surrounding high voltage transmission lines
(CHALMERS, 1952; BENT and HUTCHINSON, 1966). However the
availability of a much less polluted site in upper Weardale,

in the N, Pennines, made possible more extensive measurements,

with which the present work is involved,

2.2 The Lanehead Field Station

2,21 Introduction

Durham University Department of Geography has possessed
the field station at Lanehead for a number of years, during
which time a limited number of meteorological observations have
been made there, It is mainly through the generosity of the
Geography Department that the present work has been made
possible, The field station is situated at a height of
44O m above sea level, part way up the North side of what may
be described as a typical North Pennine basin, The ground rises

gradually to a height of 630 m, about 2km to the North, while
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the hills to the S and S.W. are of a similar height. Lanehead
i3 a small hamlet with a total population of less than 20, who
live in a few cottages within about 100 m of the station,
Access to the station, from Durham, is by a class B road which
continues on to Alston and from there to the Lake District.
The traffie it carries is mostly light, except on some weekends
and Bank Holidays during the. summer, On the whole, though, the
station is situated in very quiet surroundings.

Lanehead is probably as free from pollution as anywhere
in the country, maintaining the necessary services and
facilities, It is situated in an area of declining population,
some distance from industry and other sources of pollution,
Previous experiments have been performed there, by members of the
Geography Department, to measure the amount of particulate
pollution in the air, They were unable to find any pollution
except when the wind was from the direction of fhe steel works
at Conssett. Another piece of evidence demonstrating the
absence of pollution was the relatively sloW'rafe of corrosion
of exposed metal compared with Durham, where the air pollution
is still only about 5 per cent of that in London., Within the
last 3 years, the Weardale Cement Works have become operational,
but are fortunately 11km away to the E, so that, with prevailing
winds being from the W, any effects of pollution should be small.

Space charge from lorries, passing through Lanehead, has been
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detected on occasions, but, apart from these short periods,

no overall effect was noticeable., The extent of artifical

space charge from these and other sources of pollution could be
ascertained only from the results of the investigation, and these

are discussed in later Chapters.

2,2,2 General location of the site

Lanehead is situated in the middle of the North Pennines,
about midway between East and West coasts and equidistant from
both Newcastle-upon-Tyne and Carlisle, The surrounding area,
with the more important towns and other land marks, is given in
Fig.2.l. Table 2 gives a list of some of these towns together
with their distances from Lanshead, It can be seen that the
major sources of pollution, i.e. Consett steel works,
Newcastle-upon-Tyne and Billingham, are all to the East, with
nothing in the direction of the prevailing winds, For
comparison with world-wide effects, the situation of Lanehead
is at latitude 54° 39' N and longitude 2° 15' W from the
Greenwich Meridian, Its map reference, from the Ordnance

Survey, is 843417,
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TABLE 2
Landmark Distance from Lanehead Direction
(km)
Durham 43 ﬁ
Consett 28 ENE
Newcastle 47 NE'E
Carlisle 47 WNW
Appleby 27 Sw's
Durham Coast 60 E
Eastgate cement 11 E'S
works
Cowshill 2 SE
Allenheads 3.5 NNE
Summit 2 N

2,2.3 Description of the site

The field station building has been modified from lts
original use as a village school, Partitioning walls, electric
power and cooking facilities have provided it with excellent
accommodation, At the E end of the building, a large room has
been put aside as a laboratory, while further to the E an area
of coarse grass about 30 m by 20 m was bounded to the N and E
by a substantially built stone wall, nearly 2 m high, This
area was chosen in which to install the measuring apparatus,

as it was conveniently close to the laboratory. To the North,






Fig, 2,2 Layout of Apparatus at Site

From left to right the instruments are: fan unit,
air-earth current collector, Spase charge collector,

conductivity chamber, and field mill,
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the plantation of tall conifers presented the problem of the
electrostatic screening of the instruments, SCRASE (1934) used
the criterion that, for negligible distortion of the electric
field, nearby objects must subtend an angle of no more than 30°
at the instrument concerned. 8Since the nearest trees were about
10 m high,then no instrument could be placed nearsr than about
20 m to them, For the building, taking into account the sloping
roof, the minimum distance was about 15 m, This left a
sufficiently large area,-about 7m by 12m, within which the
apparatus was installed,

The grouping of the ipstruments is shown in Fig.2.2. They
were spread out as far as possible to prevent interference
between instruments, The space charge collector and field mill,
which were raised above the ground, were kept well away from the
other instruments so as not to disturb the eleotric field
unnecessarily., Cables were kept out of harm's way in cable
ducts, and suitable precautions were taken to protect the

instruments from the weather,

2,3 Preliminary Work

2.3.1 Introduction

The Lanehead field station, although providing essential
facilities, still needed much preparation before any instruments

could be installed, Many generations of workers at the observatory
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site in Durham have provided it with many facilities such as a
mast, cable ducts, and an equipped laboratory. At Lanehead,
though, the station was initially badly equipped. Its use as a
Geography field centre had been limited mostly to the provision
of accommodation, A fenced-off section of the surrounding
ground contained a Stevenson screen and a few other instruments
for meteorological observations. But none of these required the
extra facilities which the present work has needed,

Certain basic requirements had to be met initially, Field
drains were laid to prevent the surface of the ground becoming
too wet, cable ducts were installed as well as concreted pits
to house the instruments., The arga was also fenced off to keep
out stray animals from nearby farms, The laboratory was used to
house the recording instruments and power supplies, as well as
serving as a workshop. For this latter purpose a work-bench was
constructed and a number of useful hand-tools added, It was
later found that these workshop facilities were in almost
constant use despite much major construction work being carried

out in Durham,

2.3,2 The field drains and cable ducts

The ground at Lanehead slopes at a gradient of about 1 in
8 and comprises shallow top soil over clay amd sandstone, As
a result water from rainfall over higher ground runs down the

hill so that the site would quickly become waterlogged unless
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adequate drainage were provided. A system of field drains was
laid with the lower end connected to an existing drainage system,
A trench 2 feet deep and about 1 foot wide was dug to accommodate
about 140 one-foot lengths of 4 inch unglazed pipes. These were
covered with hard core and then topsoil. The reasonably dry
Spring and early Summer of 1966 enabled this work to be carried
out without too much difficulty,

The cable ducts, consisting of asbestos cement U-section
gutting, of 5 inch by 6 inch cross-section, were installed
over the field drains, with their tops flush with the ground,
Timber blocks carried the cables above the wet bottom of the
ducts, and concrete slabs protected them from above, Nearly
all cables were carried for most of their length along these

ducts where they were kept out of harms way.

2,3.3 Concrete pits and fences

The conductivity apparatus, air-sarth current collector
and upright field mill were all housed beneath ground level,
For all three, holes were dug and lined with concrete.
Drainage was provided by leadiﬁg the water collected into the
main draing, For the air-earth current collector a large
concrete pipe 36 inches in diameter and 15 inches deep was
lowered into a hole on to a previously concreted base, The
other two pits were placed close to the cable ducts so as to
aid drainage and to prevent cables being laid over the bare

ground.
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The site was originally fenced in on three sides, but not
on the fourth. The necessity of fencing in this last side
became obvious when a sheep and two calves were found grazimg
near the air-earth current collector. A p.v.c. covered chain-
link fence, 3 feet high, was supported on deal posts concreted
into the ground, A small gate in the middle allowed access to

the instruments but kept out stray animals,




CHAPTER 3

APPARATUS FOR _CONTINUOUS RECORDING

3.1 Air-earth Current Collector

3.4 01 Methods of measurement of air-earth current

There are two distinct methods by which the fair-weather air-
earth current density may be measured, but these do not necessarily
give the same result, By the direct method, a section of the
earth's surface is isolated electrically and the current to it is
measured, The indirect method requires the use of Ohm's Law to
obtain the conduction current from simultaneous measurements of
conductivity and potential gradient at the ground, As explained
in Chapter 1, the total air-earth current may include convection
currents as well as the conduction current. Sincé the total
vertical current density should remain constant with height (see
1.1.4), the air-earth current density given by the direct method
should be the more useful., The direct method requires compensation
for displacement currents, but for fair-weather measurements this is
not too difficult to achieve,

In precipitation there will be a further current component,
that due to the rain itself, Here, convection currents can
probably be ignoreq but therg is still the problem that the exposed
receiver measures the conduction, precipitation and also displacement

currents, if these last have not been eliminated. The shielded




FIG.3.. Method of compensation for displacement currents

(@ Steady qonditions %{5 o>

1Q _
C_r R ll.

(B Changing conditions ( C%F 40)

;AI
Ad
| AI+AE, dI
+ dt

9 -
CRd l__.c RS}




- 36 -

receiver, which was mentioned in Chapter 1, excludes both conduction
and displacement currents, but has its own disadvantages. For
general purposes, it was decided to use a completely exposed
collector, with suitable compensation for displacement currents,
Such a collector would; it was hoped, provide better information

of the total charge than that which measured only one component.

3.1.2 Compensation for displacement currents

The method of compensation due to KASEMIR (1955) was mentioned
in 1.1.5, The circuit arrangement is shown in Fig, 3.1 which
includes, diagrammatically, the collector of area A, In steady
conditions there will be no current flowing through C, and the
current through R will be the conduction current AI, which is
equal to V/R, where I is the current density. Very close to the
surface of the collector, from Ohm's Law, I = >\+F, where )\+
is the positive conductivity. A smell change in I will produce
similar changes in V and Q, so that the change in charge on the
capacitor is

dQ = cav
The instantaneous current through C is, therefore,

49 . 64y = cRai
dt dt dt

The current, i, through R is equal to V/R so that the total current,
thfough both C and R, is

i+ 49 - i+ CR AL
dt dat
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Ir k~+ remains constant, the potential gradient will change
proportionately to I, so that the resultant change in the bound
charge, Ao, on the collector will give rise to a2 displacement

current given by

Ado _ -Ag 4F  -Ag, 4l
at dt =~ s dt

where O° is the surface density of bound charge on the
collector, The total current arriving at the collector will

then be

Al + Mg, 41
S, dt

=+
Since the collector must not accumulate charge, this must equal

the current leaving the collector through C and R,

i*CRQi==AI+A€°£
dt 3( dt
+

From this equation it can be seen that

i = Al and CR = €/,

This means that if CR = €a/>‘+’ the current through R is
always equal to the sir-earth conduction current. The main
disadvantage with this method of compensation is that the
conductivity does not remain constant so that;, unless some means
of maintaining CR equal to Ee/>\+ were devised, perfect

compensation would not be possible,







Fig. 3.2 The Air-earth Current Collector
assoolosarth vurrent Lollector
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3.1.3 Construction of collector

A circular collector, of diameter 0,71 m, was constructed of
aluminium, PFig, 3.2 illustrates the details of construction and
installation, The conical bottom assisted drainage of rain water
through a small hole in the centre., A cylinder 15 cm in diameter
shielded the drainage hole sufficiently to prevent charged drops of
water leaving before giving up their charge., Since the rest of the
collector was made water-tight, water could escape only through
this small hole, It was installed, filled with soil, with its
top flush with the surrounding ground. A gap of about 2 cm was
left between it and a surrounding guard ring positioned at the
same level,

The insulators were made of polytetrafluorethylene (P,.T.F,E.)
because of its water-repellent properties, To support the weight
of the collector and soil, 4 pairs of these insulators were used
each insulator being 13§ inch long by 1 inch diam, Three grooves
were cut round the circumference of each insulator, to increase
the insulation path.’ A double shield arrangement and heater coils
were provided, as shown in Fig. 3.3, to keep the insulators clean
and dry, The insulators and shields, together with the V.R.E.
head, were mounted on a rigid handy-angle frame, which in turn
was positioned on a second frame concreted to the bottom of the
pit in which the collector was installed. By means of brass
locating pins, the collector was held on top of the insulators,

and could easily be lifted off to provide access to the




FIG.33. Construction of insulators for air-earth
current collector
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insulators and V,R,E, head unit,

The surface area of the collector was 0.4 m2, s8¢ that, with
the 1010(1 input resistor, an air-earth current density of 2.5 pA m-2
was registered as 10 mV on the V,R,E, This value is close to the
average fair.weather velue of current demnsity, so that the range
. giving + 12,5 pA n~2 was found to be sultable for both fair and
soﬁe disturbed weather measurements., Compensation for displacement
currents was achieved with a time constant of about 3 minutes, This
is shorter than the value which would be given by KASEMIR's method,

for fair-weather values of conductivity, but for conditions which

change slowly theerrors would be small.

3,2 The Field Mills

3.2.1, Principle of operation

The field mill is one of a number of different types of'field
machines which have been used-tovmeasure the potential gradient at
the ground from the bound charge, This is achieved by using a fixed
plate which is alternately exposed to and shielded from the earth's
electric field, The plate is connected to earth via a parallel
combination of resistance and capacitance (Fig. 3.4). The
alternate charging and discharging of this plate, and capacitance,
produces an a.¢. signal which can be amplified. If Q is the bound
charge on the plate, when exposed, and C is the capacitance to
earth of the plate and capacitor, then the potential V of the

plate is Q/C. Therefore the alternating voltage produced across
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the resistance R will have a peak to psak value of not greater than
V = Q/C. The actual value of this voltage depends on whether the
capacitor charges and discharges fullyeach cycle, A typical field
mill comprises an earthed rotor which is divided into 8 equal
segments, four of which are cut out. This rotates above a similar
stator connected to an amplifier., The theory of the field mill has
been given by MAPLESON and WHITLOCK (1955) and rederived by GROOM
(1966), so that only a summary need be given here, If the effective
area of the stator is A, the charge induced on it due to a potential
gradient F, is

Q = Ao = =Ag, F
8o that the maximum voltage is

vV = =A eoF
c

The condition for V to be obtained depends on the values of C, R and
the frequency, f, of tPe a.c, signal, The theory of the field mill
shows that the a.c. voltage will equal V so long as 2 fRC >»> 1,
In practical terms the condition is satisfied for fRC > 1, since
the error here is no greater than 1 part in about 500, :That there
should be no dependence on frequency is important ifvthe speed of
rotation is liable to vary. J

This alternating signal may be amplified and the output signal,
a,c, or rectified d.c., should be proportional te the magnitude of
the potential gradient at the surface of the stator, However, the

sign of the potential gradient will be unkmown unless some means of
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sign discrimination is used. The method employed here was to displace
the zero reading of the mill, by applying an artifical, constant

electric field, The details are discussed below,

3,2,2 Design and construction of the field mills

Both field mills were identical in design, which differed in
certain essentials from the simple one described. The artificial
field, to displace the zero, was applisd by mounting a segmented
bias plate above the rotor, This plate was maintained at a
constant potential with respect to earth, so that the stator,
which in this case was not segmented, could be exposed alternately
to the artificial field and the earth's electric field. The output
from the field mill was proportional to the difference between these
two fields, In Fig. 3.5 can be seen the construction of the field
mill, including the 3 plates, rotor and 2 stators, which are all
15 em in diemeter, An earthed, circular guard-ring supports the
bias plate and pprovides electrical screening for the stator, which
is supported on P,T.F,E, insulators and connected to the amplifier
via coaxial cable, The guard-ring, and 3 plates are all of stain-
less steel to resist corrosion and reduce any effects of contact
potentials,

A mains-operated, synchronous, capacitor motor was used to
dfive the rotor, It was thought that mains pick-up could more
easily be eliminated than interference from the commutator of a

d.c, motor, At any rate, the use of an a,c¢c. synchronous motor
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was more convenient, The rotor was earthed via a carbon brush which
made contact with the brass bush supporting the rotor, Both mills
were quiet in operation, the moving parts having been carefully
balanced by Mr. D. M. Smith, who also was responsible for the design
and construction of the two field mills, The motor, plates and guard-
ring were all mounted on an aluminium box, which was originally
designed to house the electronics, by four rubber mounts, These
further helped to reduce vibration,

The bies plate needed a stable d.c. voltage which couléd-be-
set at an appropriate value for the range of potential gradient
required. Conveniently, each V.R,E. had a spare power supply at
-105V, stablilized to better than 1 per cent, The bias voltage
was taken from this via a potential divider, the polarity being
such that a positive potential gradient increased the output and
a negative one decreased it., The bias plate was fixed 1 cm above
the stator so that, since the stator had équal exposures to both
fields, a range of + 500 V m"1 required a bias voltage of -5
volts, Since the permeanently-used field mill was to be used in
all weather conditions, a choice of two ranges was provided,

The mill was recalibrated several times but one pair of ranges
used often was + 500 V m-1 and + 5,000 V m-1, excluding the
exposure factor, The change from one range to another was
accomplished from inside the laboratory by means of a switch

which changed both the bias voltage and amplifier sensitivity.
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The zero stability was checked by shielding the field mill from the
earth's electric field and adjusting the output to give half of

full-scale deflection,

3.2.3 [The electronics

Two completely different amplifier circuits were designed and
constructed, although for the pericd of recording, from which the
results were taken, only the second was in use, The first, shown
in Pig, 3.6, employed an electrometer valve as first staée with
p-n-p transistors for the later stages. Heavy negative feedback
was used to increase the stability, but the amplifier suffered
from being too cumbersome, especially since it nmeeded 3 power
supplies, and not sufficiently reliable for continuous
measurements,

The- second amplifier (Fig. 3.7) uses n-p-n silicon planar
transistors throughout, The circuit is a modification of one
designed by Mr, I.M. Strombers.- An input impedance of 30MM1
was obtained and this proved adequate for the purpose. The two
amplifier stages, each employing negative feedback to control the
gain, had an overall gain of 100, Since two ranges were provided
a relay was employed so that the amplifier géin could be changed
from inside the laboratory., The gain was changed by altering the
amount of feed Bgck in the second amplifier stage. For simpliecity,
the twin-T filter used in the earlier amplifier, inoxrder to reduce

mains pick-up, was omitted from the second design. Instead,the
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pick-up was lessened by fixing the amplifier on the side of the field
mill, and the connection to the stator was made with a short length
of coaxial cable kept well away from the motor., This proved most
satisfactory as the extent of the pickup was almost negligible,
Connections to the amplifier were made via 6-way screened cable
between the field mill and laboratory, Initially some trouble

with earth loops was experienced, but this was aveided by reducing
the current through the earth line and also by using an earth

wire of lower resistance.

3,2.4 Installation and calibration

Of the two mills which had been constructed only one was used
permanently, the other serving as a spare, The permanent, all-
weather field mill was mounted in an inverted position, with the
plane of the stator 1 m above the ground. The second mill, when
in use, was placed in a small concreted pit with its stator flush
with the ground, so that its exposure factor would be very close
to unity, In this position. it was used to estimate the exposure
factor of the inverted mill. Both mills were calibrated under
identical conditions, as explained below, and their outputs recorded
simultaneously for periods of several hours during fair weather,
when the space charge concentration near the ground wes low, The
exposure factor represents the ratio of the potential gradient at
the field mill to that over perfectly level ground. Space charge
close to the inverted field mill will produce a different potential

. '

; P
R ' i 10 : - ‘ . .
IR o i b e . ¢
N




FIG.3.8. Comparison of Field Mill outputs-16h to
2lh Dec|1* 1967

300F .
_.200¢} -
E
o
§
A~ .
@ OO . .
©
o
r
S _ )
c
1 | ] 1
O 100 200

Upright field mill (Vm™)




- 45 -

gradient at the mill than space charge higher up, whereas over level
ground, where the lines of force can be assumed vertical, there
will be no difference, This means that the exposure factor of
the mill can depend on the density of space charge between it
and the ground. For this reason the exposure factor was
estimated from the simultaneous records made over long periods
of time, so as to average out space charge fluctuations as far
as possible, The high correlation between the two records,
shown in Fig, 3.8, indicates how little the exposure factor
depends on changes in space charge density in fair weather,
This implies that the estimated value of 1,3 is probably
sufficiently accurate for fair-weather conditions,

Each mill was calibrated, in an upright poaition, by
placing over it a calibration plate. A similar earthed plate,
60 cm square, was placed in the plane of the stator, a suitable
circular hole having been cut for the field mill, and the
calibration plate fixed 10 cm above it. Fig. 3.9 shows the
result of a calibration for + 400 vm“1. From time to time,
slight modifications were made necessitating recalibration,
sometimes for different ranges, They all, however, resembled
the calibration curve shown, being nearly linear, although
earlier calibrations showed a greater degree of flattening-off
at the negative end due to the characteristic of the diode

rectifier, The range of + 400 Vm“1, as calibrated, represents



FIG.39 Calibration curve for tield mill-(exposure factor - 1)
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+ 308 Vm"1 after correcting for the exposure factor., After June
30th 1968, the permanent mill was recalibrated for the two ranges
+ 8,200 vm'1 and + 900 Vm_1, after correcting for the exposure

factor, so that measurements could be made in stormy weather.

»3.3 The Space Charge Collector

3.3,1 Principle of operation

Methods of measurement of space charge density have
included measuring the potential at a point inside an earthed
cage containing the space charge (KAHLER, 1927), the double
field mill method (SMIDDY and CHALMERS, 1958) and filtration
methods, For the purpose of the present work a filtration
apparatus, as used by BENT (1964) has been used. BENT describes
this collector in detail, as well as giving the results of tests
to determine the efficiency of two such collectors, The filter
comprises aeglass asbestos medium, described by the manufacturers
as *absolute filter material™, with fibres of approximately
0,5/1 diam, encased in an aluminium frame, It is manufactured by
the Cambridge Filter Corporation, New York, who claim an
efficiency of 99.97 per cent or better for the collection of O.zp
pérticles. BENT states that during the test, "negative small ions

3 with a

were produced artificially to a density of 12,000 cm~
polonium ion-generator. Firstly with the collectors in tandem,

then using an Ebert ion-counter, and finally in a conductivity
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test the results showed that the filter retained 99,8 per cent
of the negative small ions with an air flow of 3 1/sec".

The construction of the collector is shown in Fig. 3.10.
The absolute filter is mounted inside an inner Faraday cage
together with pre-filters of stainless steel wool and glass
fibre filaments to prevent larger particles damaging the
absolute filter., P,T.F.E. was used for the insulators between
the filter unit and outer casing, which was earthed to prevent
any effects due to displacement currents, The filter unit was
electrically connected to the input of a V,R.E, head unit,
employing a 101251. resiétor, This required the insulation
resistance between filter and outer casing to be better than
1013.(1., so that some form of heating was necessary to keep the
insulators dry. The filter element is almost non-conducting but
this was no disadvantage since it is mounted. inside a Faraday cage
on which an equal and opposite charge is induced. Any net build-
up of charge on the filter might inhibit the collection of ions
of the same sign, but this should not be serious if the flow rate
of air through the filter is high enough to overcome any
electrostatic forces. With use, the resistance of the filter
to the passage of air increases, so that, as commented by BENT,
its excellent . filtration properties should be maintained if not

improved.






Fig. 3.11 Installation of Space Charge Gollector




3,3,2 Installation

It was necessary to install the collector in such a way
that it would operate reliably under all weather conditions.

Some weather-proof housing was therefore required for the
instrument. However, there was still the problem that rain, or
at least water vapour, might be drawn into the collector, and
cause insulation breakdown or possibly damage the filter, GROOM
(1966) constructed a bad-weather collector, using a small piece
of glass asbestos filter paper, which could readily be replaced
when damaged, However, the smaller size of filter required a
much more powerful fan to produce the conaiderable pressure drop
needed across the filter, It was decided for the present work to
use BENT's collector, and install it in such a way that the effects
of rain could be minimized. A further problem was that vapour
passing through the filter would cool and condense on the low
pressure side, possibly with the formation of bubbles which could
remove charge from the filter,

Initially the collector was mounted in an aluminium box with
its inlet tube facing out horizontally. Heating was supplied by
a 120 W heater coil wrapped round the collector. This arrangement
suffered from insulation breakdown in rain, Finally a timber box,
housing the collector in an inverted position, was mounted on a
truncated pyramid of handy-angle concreted into the ground,

Fig. % .11 shows this arrangement with the inlet about 0.8 m above
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the ground, Two pairs of lamps, wired in series, provided suffici-
ent heat to keep the collector warm and so inhibit the condensation
of water vapour., The box was made completely weatherproof, and
provided good thermal insulation, The V,R.E., head unit was mounted
close to the collector and connected via a short length of coaxial
cable which had a rigidouter conductor. To eliminate small
fluctuations the time constant of the measuring instrument was

increased tc about 1 min,

3.3.3 Fan Unit

A single fan was used to draw air through both the
conductivity chamber and the space charge collector., Due to
break-down the fan was replaced several times during the 18
months of use, Each fan was taken from a vacuum cleaner and
rehoused in a brass cylindrical box, connected via rubber and
plastic¢ tubing to the two collectors. Gas meters were used to
monitor the air flow, which could be adjusted by using a variable
auto-transformer to vary the voltage to the fan, The fans were
all rated at 500 or more for 240V, a.c, A timber box was
constructed to house the fan unit and the two gas meters, and
was placed downwind of the space charge collector, for prevailing
winds, The fan was run at, normally, about 100V to 150V giving

flow rates between 1 and 2 1 3_1.
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3.4 The Conductivity Chamber

3.b4.1 The Gerdien chamber

The cylindrical condenser method was first used by GERDIEN
(1905) for the measurement of conductivity. The air, whose
conductivity is to be measured, is sucked through the Gerdien
chamber, which comprises two coaxial cylinders, one much smaller,
in radius, than the other., Such a chamber is shown diagrammatically
in Fig. 3.12, The two cylinders are insulated from each other, so
that if a potential difference exists between them, small ions will
move towards either cylinder. Those arriving at the central electrode
will constitute a current which can be measured by a V.R.E. The
arrangement of chamber, bias voltage , V.R.E, is shown in Fig, 3.12,
The electric field at the outer cylinder will be much less than
that at the inner cylinder, which wlll therefore collect more ions.
The sign of the ions collected will depend on the polarity of the
bias voltage so that for one instrument at any one time, the
conductivity of only one sign will be measured.

For a particular Gerdien chamber the current measured by the
V.R.E. will depend on both the conductivity of the air being
measured, and on the bias voltage. The relation between voltage
and ionic current will be linear, so long as the concentration of
small ions in the chamber is not seriously depleted by the electric
field, This requires a sufficiently high flow rate, otherwise, at

the other extreme when all small ions are collected, the chamber






Fig. 3.14 Installation of Conductivity Chamber




X
S
{n

-5 -

behaves as an ion counter, For air of unipolar conductivity
being drawn through a Gerdien chamber of capacitance C, the current
collected from the centre electrode is given by

i = CV A

€o
where V is the bias voltage, which is limited to a maximum value
depending on the flow rate, If now E is the voltage developed

across the V.R.E, resistor R, the conductivity is given by:

= -E-%i— (see CHALMERS, 1967a, pb1)
In Fig. 3.135 is shown the variation of E with V, for a flow rate
of about 3 s™', where for V < 10V the relation is linear. The

bias voltage used throughout was + 6V for the positive conductivity,

3.k02. Installation

The Gerdien chamber, as used and described by HIGAZI and
CHALMERS (1966), was installed as shown in Fig. 3.14. The outer
cylinder of brass was 5.4 cm in diam, by 35.6 em long. The inner,
s0lid cylinder, 8 mm in diam. and 25.4 cm long, was insulated from
the outer cylinder by a circular disc of P,T.F.E., The capacitance
of the complete cylindrical condenser was found by Higazi to be
8.51 pF. An earthed rectangular aluminium box provided electrical
shielding, to eliminate any spurious effects from displacement
currents, while the outer timber box protected the chamber and
V.R.E, head unit from the weather. It was not possible to install

the chamber vertically, as Higazi had done, and any sharp bends
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would have reduced the measured conductivity, so the chamber was
installed at an angle. The air was sucked through a wide cardboard
tube with the inlet flush with the ground, Arrangements were made
to drain the tube of any rain which entered, before it could be
sucked into the chamber, However, some insulation breakdown was
experienced after heavy rain, probably due to water vapour
condensing on the insulator, The arrangement with the inlet flush
with the ground réduced to a minimum any affect of distortion of
the electric field, which might have reduced the measured
conductivity, by preventing some of the iona from entering the
chamber, However, at a later date (July, 1968) an earthed
aluminium shield was placed over the inlet to provide adlded
protection against heavy rain. The shield appeared to have an
inappreciable effect on the measured conductivity but the
performance in heavy rain was much improved,

The time constant of the V.R.E. was increased to about 1 min,
so as to eliminate small fluctuations either in conductivity or,
more especially, from instrumental effects, The V.R,E, head unit
was mounted alongside the chamber, and connected to it via a
coaxial cable inside a rigid length of aluminium tubing. For most
of the time only the positive conductivity was measured since at
ground level in fair weather, positive ions should predominate.
HIGAZI, in Durham, found a ratio, for positive to negative
conductivity, of 1.43 at ground level, From this it seemed that,

of the two, the positive conductivity was the more important to
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measure, Initially an attempt was made to measure both signs by
reversing the polarity of the bias voltage once every few minutes,
However, the instrument required about 10 min cor more to ssttle
down after each reversal. Since some trouble was experienced in
keeping the instrument working, it was not possible to spend more
time on this attempt to measure both signs, In any case, it was
thought that such an attempt would only have increased the chances

of breakdown of the instrument.

3.5 The Wind Vane and Anemometer

3.5.1 The wind vane

Measurements of both wind speed and direction were made in
order to determine the effect, if any, these had on the atmospheric
electric elements, In particular, certain wind directions might
cause more pollution to be present than others, For the measurement
of wind direction, a vertical shaf't, supporting the vane, was
allowed to rotate freely by means of two ball-race bearings, housed
in a small cylindrical tufnol box, as shown in Fig, 3.15. Inside
the box were 16 small brass studs equally spaceﬁ around & circle,
Between adjacent pairs of these studs were soldered a total of 15
resistors, each 4.7K{) . A brass brush, fixed to the shaft, made
contact with one or other of these studs depending on its orienta-
tion, This potential divider was used to give an output voltage

which, as can be seen from the circuit in Fig., 3.16, depended on
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the orientation of the vane,

3.5,2 The anemometer

A 3-cup anemometer was used, its speed of rotation being meas~
ured by converting it into electrical ﬁulses. The bearings were
both simple, self-aligning ball-races but care was taken to ensure
that friction was reduced to a minimum, Fixed to the anemometer
shaft was a small bar magnet which operated two reed switches,
twice each revolution., One reed switch was used to supply
pulses, of constent amplitude, to a simple diode-pump via a
sultable differentiating circuit, while the other operated a
counter which could be used to measure the run of wind., The
construction details are shown in Fig. 3.17 and the circuitry in
Pig. 3.18. Both wind vane and anemometer were adequately shielded
from the weather and provided with small heater lamps wired in

series and connected to the low voltage supply.

3.5.5 Installation

A steel mast, 13 feet long by 1} inches dia, was erected,
by means of U-bolts, on to a sturdy supporting bracket of spot-
welded steel angle., This in turn was bolted to the outside of the
N wall of the laboratory. The.mast was stayed with 3 lines as a
precaution against the possible effects of strong winds. Both
wind vane and anemometer were mounted on a 30 inch length of
1 inch diam, steel tubing, secured to the top of the mast, as

shown in Fig. 3.,19. The wind vane was at a height of about 10 n






Fig. 3.19 Installation of Anemometer and Wind Vane
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above the ground, and was sufficiently high for all but NW winds,
whers the trees nearby provided some shielding, although this was

not thought $o be serious,

3.6 Rate of Rainfall Measurement

3.6,1 Existing methods of measurement

In meteorology most methods of measuring rate of rainfall are
mechanical, and tend teo be cumbersome, inaensitive to amall varie-
tions in rain-fall and need frequent chart changing. Usually, as
in the tilting bucket method, the integrated rainfall is measured
in steps of 0.01 inch, Direct measurementsof rate of rainfall
require large collecting areas and even then are not very sensitive.
In a more sensitive method, the rain water is used as the dielectric
of a condenser, so that either the rate of raimfail or the integrated
rainfall can be measured., For rate of rainfall, the apparatus must
be constructed in such a way that the volume of water which it
contains is proportional to the rats of rainfall, This method was
thought to be susceptible to unreliability when used continuously
for long periods of time, so a simpler, more reliable method was

uged, end is described below,

3.6,2 The acoustic rate of rainfall recorder

In the method used for measuring rate of rainfall, a microphone
was placed under a thin aluminium sheet; so that the sound produced

by rain drops striking the aluminium could be converted into an
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electrical signal, which, it was hoped, was dependent on the rate
of rainfall, The microphone was placed on foam rubber to reduce
noise from unwanted vibrations, A small timber box, 30 cm square,
contained both microphone and electronics, and was covered with the
aluminium sheet as can be seen in Fig. 3,20, A simple two stage
amplifier with emitter follower output was used, and a time constant
of about 1 min, employed to smooth out rapid fluctuations in rain
intensity.

To prevent any ambiguity due to noise in non-raining conditions,
a rain switch, described below, was incorporated to switch on the
output to the recorder when rain commenced. By biasing the output,
the rain switch was able to indicate the presence of rain, even
when this was too light for the microphone to register it, Drops
of rain shorted the switch, which, by means of a transistor,
caused a reed switch to be closed, A small heater, dissipating
about 8W kept the rain switch dry when no rain was falling and
allowed it to switch off after the rain had ceased., The construc-
tion of the rain switch is shown in the exploded view in Fig, 3.21,
A number of fine wires are stretched over a flat metal surface with
a pisce of filter paper sandwiched in between, Good insulation was
maintained while the paper was dry, but the first drop of water
caused a short and the output to the recorder was switched on,
The lower plate was initially of aluminium but corrosion impaired

its efficiency so it was replaced by brass. The complete circuit
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for amplifier and rain switch is given in PFig., 3,22,

In Fig. 3.23 is a calibration curve obtained by measuring
the volume of rain collected by a standard rain gauge in a given
time, and averaging the output from the acoustic recorder, over
the same period of time, The conditions were of mostly moderate
to heavy rain during a number of periods separating a series of
thunderstorms on July 1st to 3rd, 1968, In other conditions of
rainfall, the calibration would probably be different, due to the
different distribution of drop size. This type of rate of rainfall
recorder worked reliably for long periodé'of time, with very little
attention apart from periodic changing of the filter paper, and
cleaning of the metal parts when corroded. The measurements are
probably not very accurate except to indicate the type of rain,
i.e., light, moderate or heavy. It does respond well to changes
in rate of rainfall, and the time of commencement of rain can be
accurately determined, Its lower limit of sensitivity, for the
microphone, is probably about 0,5 mm Ihm1 or perhaps somewhat
lower, Below this rate the threshold level for the switch to
operate is determined mainly by the efficiency of the heater,
Without this even dew would no doubt cause the switch to

operate,
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3.7 The Recording System and Power Supplies

3.7.1 The pen recorder

The electric elements were recorded on an Elliot 4-channel pen
recorder, each channel comprising a 0-1 mA, 500 {1l galvanometer,
The wind and rain records were recorded separately on 3 single-
channel pen recorders sach O0-1mA, 1200 1. It was later realized
that a superior system would have been a multi-channel potentio-
metric recorder, since the advantage of having all parameters on
one chart would have out-weighed the disadvantage of possible
confusion, Three channels of the Elliot recorder were centre-
zeroed, so that both positive and negative values could be
recorded, Due to the displaced zero, the channel for the field
mill did not need to be centre-zerced, The V.R.E's were designed
to give 1mA for full scale deflection so that, with the centre zero,
only half of full scale of each range was used, On all recorders
the chart was divided into 50 divisions, 25 each way for the
centre-zeroed channels. Readings were taken off at half-division
intervals so that the accurecy of recording, neglecting instru-
mental inaccuracies, was 2 per cent of full scale each way.

The recording speeds were chosen for a sultable compromise
between economy and being able to measure fast changes. For
feir weather and many disturbed weather periods, it was decided
that a speed of 2 inches per hour would be adequate, This

f
required the changing of charts once every 15 days which was
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quite convenient, From July 1st 1968 onwards a chart speed of
6 inches per hour was used so as to be able to measure faster
changss in stormy weather, This required charts to be changed
every 5 days. For the single channel recorders a speed of 1 inch

per hour was used throughout,

3:7.2 The power supplies

Al] the instruments were supplied directly or indirectly from
the 240V, 50 Hz mains, For outdoor instruments an isolation
transformer was used as a safety precaution, The output from
this was stabilized at 240 V and its maximum rating of 500W was
adequate for the purpose, The distribution box for mains was
connected to this transformer by 20 yards of p.v.c. covered,
copper sheathed, pyrotenax cable. The cable ducts with their
concrete covers provided extra protection for the mains cables,

The low voltage heater supply, for the air-earth current
collector, rainfall recorder, wind wane and anemometer,
comprised a system of two 12V accum:iators. By means of a time
switch these were arranged to charge and discharge alternately,
the change-overs accurring at 6 hour intervals, The circuit
used to perform this changeover is shown in Fig. 3.24. The
stabilized power supply was set at 12V and was used for all the
_transistor circuitry, Stabilization was claimed to 0.1 per cent
or better, and in practice there appeared to be no appreciable

voltage drift even over long periods of time,
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CHAPTER 4

THE _INSTRUMENTAL FROBLEMS OF CONTINUOQUS RECORDING

4,1 The General Problems

4olol Maintenance and facilities

As mentioned in Chapter 2, the aim of the present work was to
record continuously several of the atmospheric electric parameters.
In Durham, previous workers had mads obsérvations only intermittently,
and, since they were usually present at the time;, were able %0
correct quickly any faults which developed. In the present work,
the remoteness of the site has necessitated the use of continuous
recerding, which could operate relisbly for long periods of time,
The apparatus, at Lanehead, was subjected to the extremes of weather,
so had to be conatructed te withstand this, The rellebility and
endurance of the instruments could be ascertained only by experience,
which showed that higher standards of durability wers necessary for
continuous recording,

During much of the Winter at Lanehead, temperatures were mostly
below OOC, and temperatures of -12%C at night werse not uncommon,

For this reason, all instruments wers equipped with heaters of
sufficient power to prevent moisture from freezing inside the
instruments, Despite these, heavy frosts during the early montiha
of 1968 prevented access to the conductivity chamber, which

remained out of action until the end of March, General maintenance
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and repairs wers further hampered by wind, snow and heavy rain,
which, during the Winter, made it impossible te make proper
repairs teo the ingtruments, For some majer repair work, the
workshop facilities at Lanehead wers often inadequate, so that the
faulty instrument had to be returned tc Durhem, resulting in a loss
of recording time, Visiis to Lanehead were made about once or twice
a week, so that changing of charts and maintenance could be

carried out, Quite often, a minor fault, which was easily put
right, caused instrumental breglkdowns several days before a visit,
so that some recording time was lost. Precautions were taken to
prevent such breakdowns cccurring, but it was impossible teo
eliminate them altogether. For most of the time, however, the
apparatus functioned well and the amount of recording time lost

was not too serious,

4,1.2 Sensitivity of instruments

Continuous measurements of the electric propertiea of the
atmosphere under all weather conditions required instruments
capable of covering a sufficient range of values, while still
retaining sufficient sensitivity for fine-weather recording,
However, when one considers the enormous range of values that any
one parameter may have, this is obviously not practicable on a
single instrument, unless use were made of either a logarithmic
amplifier or some means of automatically changing the sensitivity

to a new range, to suit the conditions, Neither of these two
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expedients proved precticable although the second one might have
been possible, apart from the difficulties of suitably wmodifying
the vibrating reed electrometers, It was not pcssible; sither,
to use more than ons instrument for each parameter, as neither
time nor resources were available, so thait a compromise solution
was used, The senaitivity of each instrument was chosen for a
compromise between sufficient asccuracy for fair.weather
maeasurements and an adsquate range for the majority of disturbed

weather conditions.

4.2 Accuracy of Measurements

4,2,4 General

The overall accuracy of the measurements was affected by the
long-term stability of the apparatus. For fair-weather results,
random errors of this type cculd be reduced hy taking an average
of a large number of readings. The accuracy of individual observa-
tions, neglecting instrumental inaccuracies, was limited by the
resolution of the pen recorders. Readings were taken from the
chart records in asteps of 2 per cent of full scale, positive or
negative, so that this represented the limit in ascuracy. All
instruments were calibrated in conjunction with the pen recorders,
which therefore introduced no errors greater than the 2 per gent
of full scale, The instruments were all subject to soms zero-

drift during the long periods of continuous use. Frequent zere
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checks were made on all instruments, so that for most of the time
the zero errors were known tc within 2 per cent of full scale,

All instruments wers carefully calibrated and inastalled in
such a way as to disturb the atmospheric electric conditions as
little as possible, However, in the measurements made, it was
difficult to determine the absolute values to a high dagree of
accuracy., Both field mill and space charge collector, unavoidably,
disturbed the quantities which they were measuring., The calibration
of each vibrating resd electrometer depended on the wvalue of the
input resistor, which had a tolerance of about + 10 per cent,
These instruments were calibrated against a known voltage, but
the current measured depended also on the value of this resistor.
To attempt to measure each rssistor would have required disturbing
the sensitive instruments unduly, not to mention the difficulties
of measuring resistances of about 101211=to better than 10 per cent
accuracy. It was decided to leave well alone, so as not to interrupt
the continuous recording and rely on the manufacturer's stated
tolerance, Finally, the nature of the site as a whole would have
introduced a further modification of the absolute values, If the
instruments had been installed on flat horizontel ground instead,

the results would, no doubt, have been different.

4.2,2 Alir-earth current

The long term stability of the air-sarth current zero was

normally well within + 2 per cent of full scale. Zero checks were
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made by placing a large earthed aluminium sheet above and very close
to it, The long time constant (about 3 min,) prevented any short
term fluctuations in the zero. The compensation for displacement
currents proved to be adequate for fair-weather measurements as
these were averaged over a long period of time., For disturbed
weather, except in stormy conditions, there appeared to be no very
serious inaccuracy from imperfect compensation, In rain, splashing
would be limited mostly to the aluminium edge of the collector,

but the effects of rain splashing out should have been compensated
by a similar number of drops splashing in from the guard ring. For
fair-weather measurements, a range of + 12.5 pA m-2 was used mostly,
so that 2 per cent of this gave an error of + 0.25 pA m-2, or about

10 per cent of the mean fair-weather value,

4.2,3 Potential gradient

The displaced zero method of sign discrimination required high
standards of stability of both amplifier gain and bias voltage.
The latter could be maintaihed constant to within + 1 per cent, but
the stability of the amplifier depended on the variation of the
supply voltage, With a stabilized power supply, the long term
variations were mostly no more than 3 to 4 per cent of full acale
positive or negative, so that with frequent zero checks the error
in the known zero position was agein, about 2 per cent. For the
range most frequently used (+ 380 Vm-1), the error was about 8V m-1,

or about 8 per cent of the mean fair.weather value, The error
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in the estimate of the exposure factor of the mill would depend
on the space charge density close to the ground. As explained in
Chapter 3, it was hoped that in fair weather the exposure factor

would remsin sufficiently constant, and equal to the value calculated

4.2,4 Space charge

The accuracy of space charge measurements depends on the
constancy of the rate of flow of air through the apparatus, This
flow rate was measured and checked frequently, and found to be
constant to within about + 5 per cent, The power was taken from
the stabilized output of the isolation transformer so that the
variation in air flow would be mostly mechanical in origin, Zero
checksindicated an error, for most of the time, of certainly not
greater than 2 per cent full scale, This was occésionally exceeded
during instances of partial insulation breakdown, For much of the

3

time the ranges + 64 pC m ° and + 210 pC mm3 weré used, while later

3

a change to + 135 pC m ° was made, This gave the accuracies of
better than 10 per cent of the mean fair-weather value of space

charges density.

4.,2,5 Conductivity

The zero stability of this instrument depended on the
insulation properties of the Gerdien chamber, Due to the low

1
conductivity of air, an insulation resistance of better than 10 5!1
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was required, otherwise the bias voltage would cause a current teo
flow through this, resulting in a zere shift, Zero checks were
-made by switching off the air flow, so that the concentration of
small ions in the Gerdien chamber could be reduced by the electric
field between the cylinders, These ions are replaced only by
diffusion, or pcssibly ionization in the chamber, so that the
rasultant ionic concentration is low, and any appreciable current
flowing through the V.R.E. resistor is due to inadequate
insulation, The design of the intake system was such that very
few small ions should have been lost to the walls of the intake
tube, so there should have been no great error introduced here,
The overall accuracy of the instrument was about 2 to 3 per cent
of full scale except during periods of heavy'rain which often
caused insulation breakdown., For the range of 2.5 x 101h @} -1
m'1, this means an accuracy, again, of around 10 per cent of the

mean value,

4,3 Reliability of Instruments

4,3,1 The field mill

The prevailing weather conditions had less effect on the
reliability of the field mill than on most other instruments.
However, continuous use over a period of nearly two years, required
the replacement of two motors which had burnt out, and the rubber

mounts supporting the stator-rotor assembly perished after 18 months'
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use and had to be replaced. Apart from these, the field mill proved,
mechanically, sufficiently robust and reliable in all weather
conditions, provided a spare supply of expendable parts was
maintained., For moat of the time, too, the electronics gave

little trouble, except when, as a result of extreme cold or
vibrations, a dry joint produced an intermittent fault., The

earlier amplifier was less reliable due to the incorporation of

the electrometer valve and the 3 power supplies,

4.3.2 The Vibrating Reed Electrometers (V.R.E.)

The vibrating reed electrometers mostly gave no trouble
provided the head units and connections were adequately protected
from the weather., During the period of two years, two V.R.E's
developed faults and required replacing. A few minor faults did
develop as well but these were usually put right by the replacehent
of a valve, Long time constants were used to smooth out zero
fluctuations and connections were made with rigid coaxial cable
to decrease the effects of vibration, so that no trouble was
experienced from plezo -electric effects due to wind or other

sources of vibration,

4.3.3 Insulation breakdown

For the apparatus using vibrating reed electrometers (V.R.E.)
as measuring instruments, the insulation resistance to earth needed
to be over ten times the value of the V.R.E. input resistor., The

1
space charge collector required a 10 2.[1 resistor in the V.R,E.
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head unit so that an insulation resistance of better than 1013.f1
had to be maintained between the filter unit and the outer casing,
As mentioned ir Chapter 3, the problems of insulation breakdown
were much reduced by polnting the inlet downwards and providing
sufficient heat to keep the insulators dry.

The conductivity chamber also required a 1012.(1 V.R.E. input
resistor, but, as described in 4.2,5, an insulation resistance of
more than 1015 ) was necessary, Insulation breakdown, due to
moisture and dirt, put the conductivity chamber out of action from
January until March 1968, when the apparatus was dismantled and
thoroughly cleaned. Since then, no further trouble was
experienced from insulation breakdown,

The insulators supporting the air-earth current collector
provided adequate insulation for the 10°N resistor, except
when moisture was allowed to settle on them due to the heater
supply being cut off, Other sources of insulation break down
did occur from time to time, In Winter, heavy falls of snow
completely covered the collector, making it inoperative until
such time as it was possible to remove the snow, In the Summer,
spiders’ webs and blades of grass caused occasional breaké;wn

but not to any great extent,

4,3.4 The suction fan

The filter unit in the space charge collector required a

high pressure suction fan to be used, For intermittent worlk,
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‘the fan unit from an ordinary domestic vacuum cleaner has,in the
past, been found suitable. In the present work, the shortcomings
of using such a fan continuously became apparent after some months
of use, Four such fans were rendered unusable in the course of
about 18 months, These were all second hand as it proved difficult
to obtain a new f'an separate from its housing and without the
irrelevant acceasories, In the end a new fan, of 510§ maximum
rating, was extracted from a2 new vacuum cleaner, and, after taking

every precaution to prolong its life, no deterioration of its
performance was noticed over a period of about 2 months continuous
use,

The breakdowns in the other fans were due to a number of causes.
Firstly, these fans were not designed for continuous operation under
the conditions imposed on them., The reduced voltage was intended
to prevent too much wear and as a result of using a reduced voltage,
the wear on both commutator and carbon brushes was increased,
rather than decreased, due to the greater friction at lower speeds.
In one extreme case, this brush wear was such that one fan required
new brushes almost every week., The reduced air flo; prevented
adequate cooling of the bearings, which became slack from wear
due to over-heating. Thess slack bearings increased both vibration
and brush wear until eventually the bearings, through overheating,
seized up and the windings burnt out,

A solution to the problem would have been to use a more robust

|
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type of fan, with a separate motor and independent cooling
facilities, Such a motor would have to be designed for continous
observations, and the fan capable of sucking air at the
comparatively high pressures required and at a flow rate of at
least 3 1 5-10 A fan of this type was not available, but as
mentioned previously the new fan used at the end of the work was
probably adequate for the purpose, provided care was taken to
prolong its lifetime., The breakdowns occurred mostly during

February and March 1968, during which time an appreciably

amount of the space charge record was lost,
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CHAPTER 5

THE ANALYSES OF THE RECORDED DATA

5.1 Synopsis of Data

5.1.1 Periods of recording

The air-earth current collector and field mill were installed
by the end of the Summer of 1966, and recording commenced in
November of that year, The first few months of recording were only
trial periods, when insufficient date was collected for a worthwhile
analysis. Until January, 1967, no attempt was made to compensate
for displacement currents to the air-earth current collector, nor
was the field mill operating reliably., The space charge
measurements were added in April 1967 and the positive conductivity
in about July 1967. The period from July 1967 to July 1968
inclusive was used to obtain the results given in the following
chapters, During this period, the air-earth current; potential
gradient and space charge were recorded continuously, except for
the occasions when instrumental breakdowns occurred, The positive
conductivity was recorded only occasionally until October 1967 while
from December until March, 1968, the instrument was out of action,
For the period July 1967 to June 1968, inclusive, these parameters
were recorded at a chart speed of 2 inchea per hour, From July 1st
onwards this speed was increased to 6 inches per hour, so that there
- would be sufficient time resolution to measure the electric conditions

in stormy weather.



5.1.2 Meteorological observations

Observations at the sits were limited to records of rate of
rainfall, wird speed and direction., The apparatus for rate of
rainfall was installed initially in August 1967, but recording was
made only intermittently until October when the 3 single-channel pen
recorders were instalied, At this time the recording of wind speed
and direction were also commenced, The records of all three
suffered from unreliable recordersa, but otherwise were comtinuous,

Meteorolegical obsexvations on a larger scale were obtained
from the Meteorclogical Office Daily Weather Reports, The two
nearest weather stations, Carlisle and Tynemouth, were about 50Km
from Lanehead and less than 100m above sea level, so that it was
difficult to infer the locel weather conditions from the Weather
Reports, However, they were useful in indicating the general weather
situation in the arsa, Daily rainfall measurements at Burnhope
reservoir, 2.5 Km from Lanehead and 50 m lower in altitude, were

obtained from the Durham County Water Board, to supplement the
data from the rainfall recorder at the site,

5.2 Analysis of the Data

562,1 PFaireweather diurnal variations

The problem, initially, was to find a method of choosing the
fair-weather periods for analysis, since it was often not possible
to determine, meteorologically, which were the falr-weather periods

and which the disturbed. In Chapter 1 it was mentioned that ISRAEL
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and LAHMAYER (1948) proposed that ever& observation should be used
unless precipitation was actually falling at the time, In practice,
periods of precipitation sould be seen by visual inspection of the
records, while the available meteorological observations could be
used to ¢onfism this, This criterion was extended by excluding
data recorded in fog, or other conditions which were obviously
electrically disturbed, for example by space charge packets from
passing vehicles.,

For each calendar month of the 12-month period, the data
of air-earth current, potential gradient and space charge were
used to calculate the diurnal variations, Mean hourly values
were calculated from readings taken at 15 minute intervals, so
that for each hour on each undisturbed day, 4 readings were taken
for each parameter, The positive conductivity data were analysed
in the same way for the months of October, November, April;, May and
June, The monthly diurnal variations for each parameter were
combined and the mean diurnal variation of each parameter for the whole
year was calculated, The results of these analyses are
presented in Chapter 6, which contains also the annual variation
of the monthly mean values for each parameter.

The number of fair-weather periods in a month differed from
month to month, The amount of data obtained in each month depended
also on the reliability of the instruments, In September 1967, no

recording took place for the whole of the first half of this'month,
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so that the number of observations was too small for the diurnal
variations to be significant on their own, The diurnal variation
of air-earth current for this month was singularly lacking in
number of observations, For most other months, though, the number

of observations was large enough to be significant,

5.2,2 Precipitation electricity data

Measurements in precipitation have usually involved
determining the relation between precipitation current aﬁd
potential gradient, As mentioned in Chapter 1 an inverse relation
has often been found between precipitation current and potential
gradient, Measurements of space charge in rain, however, are few
in number, When the potential gradient is high enough for point-
discharge to ocour high space charge densities have been observed
v (ADKINS, 1959b) of opposite sign to the potential gradient,

Dﬁring quiet rain, with lower potentiai gradients, space charge
densities have been found to be low (SMIDDY and CHALMERS ;1960).
It seems that very little importénce has been attributed to the
space charge near the ground during non-stormy rain, although
ADKINS did point out the effect space charge has on the potential
gradient at the ground,

A casual inspection of the records showed that, during
conditions of continuous or intermittent rain-fall, there appeared
to be an appreciable correlation between the space charge density

and potential gradient, which were both usually negative, At the
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same time the total air-earth current was mostly positive, implying
a positive precipitation current grsater, in magnitude, than the
conduction current. It was therzfore decided to attempt to discover
a relation between space charge and potential gradient, If, as it
seemed; the two were strongly correlated; the lccal space charge
might be controlling the potential gradient, The statistical
methods which were used for the analysesa ars discussed below and

the results presented in Chaptex 7.

The periods chosen for thz analysis were all during non-stormy
rain when conditicns were ressonably steady., The length of time
for each period depended on the length of rainfall, but was never
less than an hour, nor more than € hours, The number of readings
taken depended on the time resclution of the chart. In practice
this limited the number of readings to 32 per hour, Since it was
necessary to use some methed of selection for the periods, the
results might not have been completsly representative of continuous
rainfall, There were a few occasions, not included, where there
was no apparent correlation, but this may have been due to faults
such as instrumental breakdown., The periods normally chosen were

those when conditicns before and after were steady and undisturbed.

5.3 Stetistical Methods

5.3,1 Correlation coefficients

The purpose of this section is to outline the statistical

methods used, The mathematical derivations of' the expressions
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used are too complex to be given here, but more details may be
found in books such as BROOKS and CARRUTHERS (1953). For each
period in rain which was analysed, the observations of space charge
and potential gradient can be represented by a population of n
peirs of variables, x and y. These pairs may be written as

(x5 7305 (Xps Fp)s covoenes (45 F3)s c0oncony (X, ¥,). In the
analysis, the purpose is to discover whether or not there exists
some functional relation between the two varisbles, i.e, if y = f(x).
This function, for a simple case, might be linear, so that any
deviation of the observed points, (xi, yi) from the straight line,
would be due to some disturbances or inaccuracies in measurement.,
For a linear relation, the correlation éoefficient for the whole .

population is given by

N

ro= Z (=i - %)(4, - 9) “—:—;;
i=l *

where the standard deviations 8. sy are given by

end ¥, y are the population means of x and y respectively,
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For space charge density and potential gradient,

y = f(x) and also y = y(t), x = x (t) i,e, both x and y are time
dependent., Pairs of values of x and y are taken for the same value
of t, i.e. (x (t), y(t)L If, however, there is a time lag or lead,
the meximum correlation between the two may occur for pairs of
values (x (t), y (t + 1)), where 1 is the time, in the same units
as t, by which y lags behind x, Rapid variations in x and y can
have an appreciable affect on r, If x(t) and y(t) are periodic
functions, the correlation coefficient is negative if they are 3?
out of phase, and zero if 77 /2 out of phase, By taking pairs

of values separated in time by a constant amount, the above
expression for r yields what is known as the cross-correlation
coefficient,

In making the calculations, the time lag between the two
variables was found firét by inspection and then by trial and
error, by finding the lag which gave the maximum cross-correlation
coefficient, In all cases where a lag existed, it was always the
space charge which lagged behind the potential gradient, due partly

to the longer time constant in the space charge collector,

5.3.2 Lines of best fit

Once the correlation coefficient has been calculated, the
next problem is to find the equation of the line of best fit,
In the simple case, where either y or x can be assumed free from

error, it is not difficult to calculate the appropriate regression
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equation by the method of least squares, There are two possible
regression }ines for one population of pairs of observations,
depending on which of x or y is free from error. For x free from
error the regression line for y on x is given by:

y-y = r Jy (x-x)

and for x on y x

x-% =r x(y-F
8

These two lines intersect at (x, y) and the ratio of their slopes
. 2
is r°,

In the present analysis, neither x nor y is free from error,
For this case MORGAN (1960) gives the following equation for the
line of best fit:

8
y-y = c=f (x-%)
x

where ¢ lies between r and 1/r and can be obtained from the
following expressions:
(k+ 2k 2-2n(k+1)e +k = 0

The value of k is given by

k = =8, when 0 o ex .z 1
C °y
k =

& -2 when( <« ey g 1
ox ex =

where ey, e, are the relative errors in x, y. It can be seen that

y
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k must lie between O and =2, at which extremes ¢ is equal to r and

1/% respectively. The relative errors are given by

4
o = %x
Sz
and ey = 2i
®y
e;, e; are the average absolute errors in each of the individual

values x and y, so that each value is given by
Xt oy

and + o
J X v

For space charge density and potential gradient, the
observations were taken down in terms of the variables x and y
which, on the chart, had equal units, Each xz or y had an integral
value between O and 100, the reedings being taken every half
division, Now, as mentioned in Chapter 4, the error in the
reading of each parameter was probabiy about half a division,

so that

Since more than one range was used for each of space charge
and potential gradient, it was therefore more convenient to
calculate the equation of the line of best fit in terms of x
and y, and then convert to e and F, The relative errors in

.X, y are therefore given by
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e
x

1/sx

e
y

1/sy
If the line of best fit is represented by
y = ax ; b
this can easily be converted into the form
P = A}m + B
The constants, A and B were calculated for each set of records,

the value of ¢ being obtained from the table by MORGAN, The

results of the analysis are set out in Chapter 7,

5.3.3 Tests of significance

In many cases it is necessary to test the significance of
the observed value of the correletion coefficient. Even if this
value is not zero, and the number of palra of readings is small, it
is still not necessarily justifiable to assume a functional
relation between the two variables. Instead; it is necessary to
calculate the probability of such a correlation coefficient
occurring with an uncorrelated population. This probability
P(r) of obtaining such a value r‘ depends on the number of degrees
of freedom, (n - 2), If P(r ) = 0,05, the 95 per cent level of
significance, r, the observed coefficient, is significant only if

r>r’

In Table 5 are given some values of r’ for corresponding values

of n between 10 and 100, and for 4 levels of significance taken
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from BROOKS end CARRUTHERS. For the correlation of space charge
the minimum value of n was 30, so that,at the 95 per cent level,
the minimum correlation coefficient which is significant is

0.361; at the 99.9 psr cent level this value becomes 0,570,

Table 5

Values of r’ from an uncorrelated population

Significance level (per cent)

n 90 95 99 99.9
10 543 632 765 872
12 497 576 708 823
14 i 157 . 532 661 780
16 426 497 623 742
18 %00 468 590 708
20 378 bhdy. 561 679
25 | 337 396 505 618
30 | 306 361 463 570
35 283 334, 429 532
40 261 312 403 501
L5 248 294, 380 K74
50 235 279 361 452
60 ; A4 254 330 IXJ8
70 " 198 235 306 385
80 185 220 286 361
90 175 207 270 344

100 165 197 256 320
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CHAPTER 6

THE FATR WEATHER DIURNAL VARTATIONS
6.1 General Results

6.1.1 The average diurnal variations for the full year

The fair-weather data obtained during the one-year period
July 1967 to June 1968 were divided according to the 12 calendar
months and the analysis carried out as described in Chapter 5,

The total diurnal variations for the full year were obtained

from averaging the absolute vélues for each month, These total
diurnal variations, for air-earth current, potential gradient and
space charge are given in Fig, 6.1. In neither these curves nor
the monthly diurnal variations was any attempt made at emoothing,
since this procedure leads to distortion, and may also eliminate
oertain important details, The raw data from which these variations
were obtained comprised a total of some 32,000 individual readings,
for all three farameters.

From Fig, 6,1 it can be seen that both air-earth current and
space charge vary more widely than potential gradient. The
variations of air-earth current and space charge both show a
minimum in the early afternoon, but the times of maxima are
different. For air-earth current density, the maximum value of
3.2 pA m"2 occurs at 7h G.M.T., while for space charge density

3

the maximum value of 40.4 pC m ~ occurs at 21h, followed by a

section which is nearly a plateau at 37 pC.'m_j. The minima,
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which are closer, occur at 13h (1.49 pA m‘z) and 14h (20 pC m=3)
rospectively, The general shapes of both curves are similar, as
are the magnitudes of the variations, and will be discussed later
in the Chapter,

The diurnal variation of potentiel gradient, on the other
hand, is notably different., Its maximum and minimum values occur
at 20h (135 Vm-1) and at 3h (85 me1) respectively, Its minimum
coincides roughly with the maximum of air-earth current, but its

maximum value occurs only an hour before that of the space charge.
2

The mean values of the 3 parameters were found to be 2,28 pA m s

108 Vo~

and 30,3 pC m-3 respectively., The first two are close
to the values of 2.4 pA m"2 and 130 Ym’1, for an average land
station, given by CHALMERS (1967a), Lut the value for space
charge density is a factor of 3 greatgr than that given by
CHALMERS., However, values of space charge density, as given in

Chapter 1, vary widely from place to place far more than do either

air-earth current density or potential gradient.

6.1.2 The seasonal diurnal variations

The diurnal variations for each of the three consecutive
months of each season were averaged to obtain the diurnal
variation for the season. The months were grouped, for convenience,
so that Spring consists of February to'April, Summer of May to
July ete, The diﬁrnal variations for all four seasons are shown
in Pigs., 6.2 to 6.4 for each of air-earth current, potential

gradient and space charge, In Fig, 6.2, for potential gradient,

|
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are included the equivalent diurnal variations;, also plotted
againat G,M,T, from measurements on board the Carnegie

(PARKINSON and TORRESON, 1931)., There is some similarity in
general shape between each pair of variations, but those from
Lanshead are less smooth, In Spring, Autumn and Winter all
variations have minima in the morning and maxima in the aftermoon,
In summer there ers semi-diurnal components in both, but the first
maxima do not coingide, For Lanehead the first maximum cccurs at
5h while the Carnegie maximum occurs at about 8h and is less
proncunced, The later meximum in both variations occurs at about
20h, The Winter variation, for Lanehead, has the greatest
amplitude, being nearly L0 per cent either way, with the minimum
amplitude in Summer, The Carnegie variations remain about

20 per cent either way for most of the year, with the exception of
Sunmer which shows a slightly smaller variation,

The diurnal variations of air-earth current and space charge,
for the four seasons, are shown in Fig. 6.3 and 6.4, The scale
in both cases is reduced to accommodate the appreciably larger
variation compared with that of the potential gradient, For
air-earth currsnt the very large amplitude exceeds any other by
2 or 3 and Winter by nearly 10, For the first three seasons the
times of maximum and minimum are similar, but in Winter there
are 3 maxima and 3 minima, It is interesting to note that the

minimum variation of sir-earth current coincides with the
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maximum variation of potential gradient., The diurnal variations
. of space charge are mostly similar to those of air-earth current,
For Spring, Summer and Autumn there is a morning maximum and
af'ternoon minimum for each variation; There are also maxima in
the evening, especially for Spring and Autumn where they both
occur at 21 h, The Winter variation has some features similar
to the vsriations of potential gradient, The maximum occurs at
18h to 21h with & minimum at 3h, but there are also secondary

maximum and minimum at 7h and 13h respectively,

6,1.3 The monthly diurnal variations

From Fig, 6,5 to 6,16, comparisons can be made between
the diurnal variations of all parameters for each month, For
any parameter, ths differencs between the monthly diurnal
variations. for each season is often less than the difference
’ befween the seasonal diurmal variations, An exception to this
occurs for space charge in January, Individual days within a
m&nth do, however, differ from the monthly average, sometimes by
a large amount, By taking a large number of days, the disturbances
on individual days should cancel out so long as they occur
randomly, Comparing the monthly diurnal variations wifh those for
the full year demonstrates the necessity of obtaining a large
number of readings for a sufficiently smooth variation, The
diurnal veriations of positive conductivity have been included for

those months for which data was available,
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During the months March to October inclusive the air-earth

current and space charge variationsa have similar shapes, but for
the rest of the year there is little similarity. During the Winter
the current variation is less and the space charge more nearly
follows the variation of potential gradient. In December the varia-
tiona for potential gradient and space charge are similar,
Each variation has-a minimum at 5h to 6k and a maximum at 18h to
20h, and they both have similar magnitudes of variation, On the
ether hand there is virtually no similarity between the two for
January.

The diurnal variations of positive conductivity for April,

May and June are similar in form, with maxima in the morning at
around sunrise;, or a little later, and minima in the late
afternoon or evening. The similarity between positive conductivity
and air-earth carrent is less than between space charge and the
latter, TFor October and November, the maximum is later in the

day and close to mid-day, with minima in the early evening,

6,1.4 The annual variation

The mean value of the diurnal variation of each parameter for
each month was used to find the amnual variation of the monthly
means;, which, for air-earth current, potential gradient and space
charge are shown in Fig, 6,!7. A1l parameters have low values in
Summer with secondary minime in January, The range of variation of

airbearth current denaity lies btetween 1.04 pA m-z for July and
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!

3,84 pA mcz for October, For potential gradient the corresponding
values for these months are 64 Vu{==1 and 150Vm'='1 although the

maximum, 158 de19 ocours in February, The aspace charge denaity

3

has & maximum in Ssptember of 55.5 pCm_
3

with a minimum value of
14.4 pC m ~ in Janusry,

The values of all parameters for July 1967 and June 1968 are
sufficiently close both to confirm the stability of the instrumental
calibrations, and to imply that the annual variations shown in
Fig. 6,17 may be reproducible to within the limits of measurement,
There is ne sharp discontinuity between June amd July, especially
for the air-earth current density with values of 1,06 and 1,04

PA m’2 respectively, For potential gradient these values are 75 and

64 me1 and, for apace charge, 22,1 and 25,9 pC mnj respectively,

6,2 The Total Diurnal Variations

6,2,1 The potential gradient

The diurnal vardiation of potential gradient for the whole
year ia shown, as a percentage of the mean, in Fig, 6.18, together
with the results of the measurements on board the Carnegie during
October and November, 1929 (TORRESON et.al., 1946). The close
similarity between the two curves is atriking considering the
different conditions under which the two sets of results were
obtained, The Carnegie measurements were made in the Central

Pacific, one third of the way round the World from Lanehead
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and 38 years agc, The connsction between the diurnal variations
of potential gradient and the World thunderstorm activity has been
mentioned in Chapter 1, so that; for comparison, the diurnal
variation of World thundsrstorm activity, from WHIPPLE and
SCRASE (1836), is given in Fig, 6,19, At any given time, the
thunderstorm area includes all those places where thunder was
audible in the interval from 60 min before to 60 min after the
specified time. The thunderstorm areas from land masses only
are included, there being no evidence of a diurnal variation

of thunderstorm activity over the oceans, A direct comparison
between the total thunderstorm area and the potential gradient
depends on the thunderstorm activity, at any one time, being
proportional to the area experiencing thunderstorms at that
time, If the charge transfer per unit thunderstorm area varies
from gontinent to continsnt, ths shape of the total diurnal
variation of thundsrsatorm activity will be different from that
of the thunderstorm area, This would explain the greater
emphasis on the peak at 19h to 20h, due to America, as opposed
to that at 14h on the potential gradient curves,

The World thunderstorm curves show maxima at 8h, 14h and
20h GMT for the 3 different land masses at different latitudes,
The resultant curve has a minimum at 3h with a maximum at 14h,
due to Africa and Europe, and subsidiary maximum at 19h with an

inflexion at 8h., Ths Carnegie curve has a minimum at about 3h
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and a maximum at 19h, For Larehead the minimum also occurs at 3h
but the maximwn is ai about 20k, It seems that both diurnal
varietions of potential gradient are influensed more by thunderstorms
in America than those in other continents. For Lanehead, both
maximum and minimum are mere pronounsed than for the Carnegie
variation, but apart from these, they both have a similar

rercentage range of wvariation, The Lanshead variation also seems

to lag by about half an hour behind the Carnsgie cuiwe, On the
whole, though, considering the comparatively large departures of

the monthly wariations from the average, the agreement is remarkable,

6,2,2 Air-sarth current and space charge

For the purpose of direct comparison, the diurnal variations
c¢f air-sarth current and space chargse are reproduced, as percentages
of the means, in Fig. 6,20, The shapes are basically similar but
with obyious diffsrences, In the morning ths vardation of air-earth
current sxceeda that of space gharge;, while in the evening the
opposite is trus, The two curvea are closest during the afternoon,
but for the rest of the day the space charge appears to lag behind
the air-earth current by 1 or 2 hours,

Neither the space charge nor air-earth current variations
appear to have any similarity to the World-wide effects, However,
for the air-earth current, comparisons can he made with other
results when considering the variations with respect to local time,

Pig, 6,21 shows twe diwrnal variations which, in this way, are
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similar to that found at Lanehead, The diurnal variation of
air-earth current was found at Mauna Loa (COBB and PHILLIPS, 1962)
from direct measursments for a period of one year, The curve is
taken from COBB (1968) and is similar to the Lanehead variation in
shape but not in amplitude. The double peak in the morning occurs
in both curves, although for Mauna Loa it is an hour later, The
times of minime differ, but the short plateau just before midnight
is common to both, The variation from Kyoto (0GAWA, 1960) was
obtained by the indirect method of measurement in an area most
probably suffering appreciably more from pollution than Lanehead,
This curve shows less similarity with either of the first two,

but is included because of the connection with columnar resistance
discussed below, An interesting fact about the Mauna Loa curve is
that, in GMT, it agrees well with the Carnegie results of air-earth

current and the World thunderstorm activity.

6,2.3 The columnar resistance

In Chapter 1 it was argued that the air-earth current, and
not the potential gradient, is more likely to follow the variation
of world thunderstorm activity, The argument relied on the
columnar resistance, R, varying little, However, if the variation
in R is greater than the variation of V, the potential of the
electrosphere, this will determine the variation of I, From

Chapter 1, the air-earth current density may be written as,
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which can be differentiated, assuming all three to be functions of
time, to give,

a =1 v -
dt R 4t

- FG'J<
&le

Multiplying through by R/V and using = V/R this gives:

1 & =1 & -1 &
R 4t v dat I dt

Therefore the percentage variation of R is given by the difference
between the percentage variations of V and I, 8ince the variation
of potential gradient measured at Lanehead agrees well with the
World thunderatorm activity, it may be reasonable to assume that
it reflects, also, the variation in V., Since the variation of I
is also known, the variation of R can be estimated,

This estimated diurnal variation of the columnar resistance
at Lanehead is given in Fig, 6.22, OGAWA (1960) used similar
arguments to obtain the variation of columnar resistance at Kyoto
from his air-earth current results and the potential gradient
variation from the Carnegie, The broken line represents the
estimated values when no horizontal diffusion of nuclei occurs,
Both curves are plotted against local time; since the variation
of columnar resistance is a local effect. The third curve in
Fig. 6.22 represents the local time variation of columnar
resistance over New Hampshire (SAGALYN and FAUCHER, 1956) obtained

directly from conductivity measurements at heights up to 5 km, All
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three curves are similar in shape although the directly measured
variation, over New Hampshire, varies only about half as much as
the other two.

6.3 Some Further Results

6,35.1 The effect of wind

The similarity between the diurnal variations of air-earth
surrent and space charge can imply that changes in space charge
density produce similar changes in air-earth current density,
Since the potential gradient variation is different from both
these variations it is possible that the space charge could affect
the air-earth current by means of convection or turbulent transfer
processes, Both of these would depend on the wind velocity, amoﬁg
other things, so an attempt was made to test the affect of the
windspeed on the diurnal varlations of air-sarth current and space
charge, The fair-weather data for the three months of April to
June were used for the purpose. From this data, for wind speeds
less than about 1 m s°1, the diurnal variations of air-earth current
and space cﬁarge were calculated, Even for these three months
there was insufficient data for low windspeeds during day time to
obtain a smooth variation. It was necessary therefore, to use a
method of smoothing by taking overlapping means of 3 conssecutive
points,

The smoothed diurnal variations, together with the total
variations for the same three months, are shown in Fig. 6,23, In

neither case, considering the small amount of data, is there a
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significant difference between the two variations, For air-earth
current density the mean value, for light winds, is 1.47 pA m-2,
while for the total it is 1.43 pA qu. The only real difference
appears to be in the amplitudes of the variation, which is less for
light winds, For space charge density the mean values are

2 and 26,5 pC m_s. The variation for low wind speeds is

32 pCm
aglmost the same as the total variation in shape and amplitude but
with a different mean value. From this limited evidence it secems
that wind has an almost negligible effect on space charge density,
except to raise its mean value, but slightly reduces the amplitude

of the diurnal variation of air-earth current, without significantly

affecting the mean value,

6.3.2 Diurnal variation of conductivity for July -
For the month of July, 1968, after the one-year period

discusséd previously, the positive and negative conductivities were
recorded alternately. The polarity reversal was performed manually
every 5 days, to give 17 days of positive conductivity record and
12 days of negative conductivity, The diurnal variations of both
polar conductivities together wifh the total conductivity are shown
in Pig. 6.24, The times of maximum and minimum differ for the two
conductivities, For the positive conductivity these are at 6h and
17h respectively, and, for the negative conductivity, 9h and th,
Both conductivities vary by some 20 per cent either side of the

mean value, The different variations for the two conductivities
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imply a variation in the ratioc of positive to negative
conductivities, The mean ratio is 1.1, but the ratio varies
between 1.4 at Oh to 2h and 0.8 at 17h. HIGAZI and CHALMERS
(1966), in Durham, found a ratio of 1.43 close to the ground, while
NOLAN and De SACHY (1927) found a value of 1,22,

Since the ratio of positive to negative conductivities
varies with time of day, it follows that the space charge density
due to small ions will have a similar wariation, assuming that the
corresponding mobilities vary little. The estimated variation of
space charge due to small ions ( )\4j- >\_) is shown in Fig., 6,25
together with diurnal variations of space charge for July 1967
and June 1968, The variation of the difference between the two
conductivities had to be smoothed, The similarity between the
variations can be seén but, due to limited data, may not be

gignificant,
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CHAPTER

SPACE CHARGE AND POTENTIAL GRADIENT IN PRECIPITATION

7.1 General Observations of Precipitation Electricity

711 Introduction

This Chapter is mostly concerned with the results of a
quantitative treatment of measurements of space charge density
and potential gradient, The measurements of the air-earth current
were not included in the analysis partly due to the difficulty of
interpreting measurements of the total current and because the
values of current density often exceeded the range of the instrument
(+ 125 pA m'"z), With the data available it was not possible to
attempt to determine the relation between potential gradient and
precipitation current density, Instead, the close correlation
between the records of space charge density and potential gradient
prompted the analysis which led to the results given later in this
Chapter,

The apparatus was subjected to precipitation of all types and
magnitude, during the period of recording, from light drizzle to
heavy showers and ﬁailstorms. It was, therefore, not possible to
cover the entire range of values of any parameter with a single
instrument. The comparatively slow chart speed limited the
resolution, so that only steady precipitation could be considered.

However, the instrumental ranges used enabled both fair-weather and
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steady precipitation to be recorded without the need for changing
ranges, The chart speed; 2 inches per hour, proved just adequate

for the conditions during precipitation from nimbo-stratus,

7.1.2 Light precipitation

An example of the electrical conditions prevailing during
light rain is shown in Fig, 7.1, which comprises the records of
the total air-earth current density, potential gradient, space
charge density and positive conductivity., This intermittent rain,
possibly associated with a warm front, lasted for about 6 hours
from 16h to 22h on May 10th, 1968, The values of all parameters
are changing slowly compared with stormy conditions., The total
current is mostly positive, while the potential gradient and there-
fore conduction current are mostly negative, implying a
precipltation current which is positive and mostly greater in
magnitude than the conduction current, This total current for
part of the time exceeds the fullscale value of +12pA m-z, 80 that
on the record it appears less positive than it would actually have
been, The current is negative during periods when, presumably, the
precipitation current is low and the conducéion current negative,
The space charge and potential gradient are both mostly negative,
reaching minimum values when the current is going positive, so
implying an inverse relation between preciplitation current and
potential gradient, as found by previous workers, Both space

charge and potential gradient decrease and become negative before
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the onset of rain, which is characterized by the rapid increase of
total current from negative to high positive values,

The maximum valuss of total air-earth current density exceed
12 pA m-2, whilst the minimum values only reach about - 11pA 2,
The values of potential gradient lie within + 500 Vm'-1 i.e, about
5 times the magnitude of the fair-weather value. For space charge
the range is + 120 pC m"3 compared with a value of about 30 pC m-3
for fair weather, The positive values of both are mostly not very
much greater than the fair-weather values, with the exception of
the occasional pesk, and occur during breaks in. the precipitation.

For most of the records considered the duration of the rain
was less than 6 hours, but the parameters varied in much the same
way. At or just before the commencement of rain all three
parameters decrease and become negative simultaneously. As the
rain commences or beccmes heavier the precipitation current rapidly
increases so that the total current soon becomes positive. At the
same time the potential gradient and space charge decrease more
rapidly., The positive conductivity also decreases to a fraction
of its normal value, in & similar way to the space charge, In
Fig., 7.2 is shown an idealized example demonstrating the mein
features, but in practice, as seen from Fig. 7.1, the variations
are more complex, As the rain eases off all four parameters
slowly return to their fair weather values when the rain finally

stops.
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7.2 Gorrelation of Space Charge and Potential Gradient

7.2.1 The recording perdods

The data from 43 periods of light precipitation, including some
snow, for potential gradient and space charge density were analysed
and the ccrrelation coefficients calculated, The lengths of the
periods varied from about 1 hour to 6 hours, with numbers of pairs
of readings varying from 30 to 192, the average being about 60,
Isolated periods of precipitation of appreciably less than an
hour in duration were not included due to insufficient data. The
readings were taken at intervals of about 2 minutes, there being
32 readings per hour, as this was a convenient fraction of the
smallest time division on the chart,

In the majority of these periods the total current was
mostly positive and the potential gradient and space charge mostly
negative. On a few occasions the total current was of the same
sign as the potential gradient, end changed sign with both
potential gradient and space charge. At these times the precipita-
tion current must have been low so that the space charge was perhaps
due to rain near, but not at, the site, At other times there was
sometimes no apparent correlation between space charge and
potential gradient, but this was usually due to other disturbances,
such as point discharge, or to an instrumental fault. The periods
analysed represent the majority of occasions of light rain, when

no other large disturbances were occurring either Jjust before or at

the time of the record.,
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7.2.2, Correlation coefficients

The correlation coefficient for each period is given in Table
7.1, together with the number of pairs of readings used to compute
it, Without exception the correlation coefficients are positive,
For many records the correlation coefficients are about 0¢9 or
higher, while only one has a coefficient less than 0.7, The record
4.3 has a coefficient as low as 0,37, but this was found to be due
to a wide divergence between the records of space charge and
potential gradient for part of the period, The reason for this
was not apparent from the charts, but appeared not to be an
instrumental fault,

The significance of a correlation coefficient was discussed
in Chapter 5, and was shown to rely on the number of degrees of
freedom, If all pairs of readings are independent, the number of
degrees of freedom is n - 2, as given in Chapter 5. However, if
the record has-a memory which is longer than the time interval
between readings, the number of degrees of freedom will be leas
than n = 2, The length of this memory may be found from the
auto-correlation of members of the time series, GROOM (1966)
assumes & value of 5 min for this memory, Teking this value, the
number of degrees of freedom will be reduced to 0°4 (n - 2),
Applying this to the present records, a significance test may be
applied to the correlation coefficients, From Table 5, for record
4.3 where the number of degrees of freedom, v is about 25, the

correlation coefficient is significant at the 90 per cent level
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but not at the 95 per cent level, PFor the next lowest correlation
coefficient, 0¢7 for record 4¢2, VY = 22 so that the coefficient

is just significant at the 999 per cent level, For record 23.3,
which has the lowest value of n, ¥ =10, r = 0,87 so that it is
significant at the 99 per cent level but only barely significant at
the 99:9 per cent level, As a further example, in record 21.4,

y =12, r = 0,81, which is significant at the 99 per cent
lavel but not quite at ths 999 per cent level., TFor sll the
records, except 4.3, the correlation coefficients are significant
at the 99 per cent level at least, and most at the 99¢9 per cent

level,

7.2.3 Mean values and standard deviations

In Table 7.1 are given; also, the mean values and standard
deviations of space charge density and potential gradient, For
potential gradient, the mean values are predominately negative,
with only a few positive values, Ths largest positive value, for
7.2, is 207 Vm-1, whereas the corresponding value of space charge
is =55 pC m-s. The largest negative mean value of potential
gradient is -1180 Vm-1, for 23,3, though the field mill range was
+ 8,000 vm"1 to allow for the larger varlation in potential
gradient, There was, however, in this record no evidence of pcint
discharge occurring, The standard deviations indicate the spread
of the readings, although in most cases the distribution is not

symmetrical, there being more lower than higher values,




FIG.7.3. Variagtion of Cross-correlation coefficient
with time lag.
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The mean values of space charge are also mostly negative with
the largest negative value of =110 pC mujoccurring in 23.1, although
this 18 similar to 23,3 mentioned above. Similar values occur in
9.1a and 9.5, both for snow, but most other values are within

+ 50 pC muj,

7.2.5 Time lags

The time lag of space charge behind potential gradient was
taken to be that which gave the maximum cross-correlation coefficient,
These time lags are shown in Table 7.1, given as an integral
multiple of the time interval between readings. They are all seen
to be either zero or positive implying that the potential gradient
leads the space charge, The time lag can be partly accounted for
by the time constant of the space charge collector being about
1 min and greater than that of the field mill,

There may be errors in the calculated values of the cross-
correlation coefficient, if the true correlation coefficient
corresponds to a time lag which is not an integral multiple of
the time interval, With a time interval of as long as 2 min the
errors introduced may not be negligible and need to be considered,
Fig, 7.5 shows the variation of the cross-correlation coefficient
with time lag for each of 3 records., In the first, 9.1a;, the time
lag lies about midway between two points;, so that the maximum
correlation coefficient is about 1 per cent higher than the

calculated coefficient, w%&gp;gggresponds to & lag of 4 min,
B [N
PR

29 SEP 1973




Table 7.2
Values of constants for lines: F = A/O + B

Recorri r 5 k . ¢ ' A r B |
Number (v o~ per pC m™J) (Vv o=1)
101 0.89 <1,35 1,04 5004 =4
301 0,92 =-0.69 0,97 3032 20
4.1 0,87 =1.k7 1,07 10,2 50
4,2 0,70 -=1,02 1,00 5,06 32
6.1 0,77 =0.44 0,87 5,87 490
7.1 0.90 =0.42 0.9 6.10 63
7.2 1 095 1,25 1,02 4,08 16
7.3 |7 0.96 .2 1.0 4. 02 14
8.1 0.95 1,48 1,03 5.92 55
9.1a | 0,87 =1.35 1.05 4,80 220
9.1b , 097 .37 1.0 k.59 78
9.2 0,96 -0.89 0.99 2,61 =10
9.3 0.84 =0,34 0,90 9.07 -98
9.4 0.79 =0.75 0.93 1.92 18
9.5 0.9 =097 1.00 2,68 88
10,1 0.97 =079 0.99 4,83 22
10,2 - 0,97 =0,70 0.99 4,32 11
10,3 0,97 =0.65 0,98 3.93 =17
11.1 0.94 -1,33 1,02 9,08 38
11.2a | 0.76 =1.64 1.18 19.3 217
11.2b | 0,94 1,63 1,03 16,7 99
1,2 | 0,80 --1,56 1,12 " 15,2 153
12.1 0,75 =-0.57 0,89 3,45 13
12,2 0.9 <=0,72 0,97 4,36 78
18.1 0,96 <=1,58 1,03 7.05 =59
18,2 0,97 -1.57 1.02 ; 6.7k 62
19,1 | 0,93 .40 1,03 487 -15




Table 7.2 contd.

Record T Tr k c jl A B
| Number ; | v n! per pt 0 | Vo
- | |
19,2 0.88 1,40 1.0k ! .88 16
} 19,3 | 0.9% =1,35 1,02 | 451 22
| 19 ' 0,99 1.5 1,00 | 5,61 -53
' 19,5 0,98 -0.91 1,00 ° 4,33 39
20,1 0.88 1,33 1,04 | ko5 40
20,2 ' 0.85 1,75 1.3 I 14,6 -21
S 20 10,96 -1.67 1.0k | 701k 59
. 2.2a , 0.97 =1.53 1,02 ] 4,98 -2l
L 2.2 | 0.90 1,25 1,02 3,10 -33
1.4 1+ 0,80 -1,55 1,09 ! 4,03 15
22,1a ' 0,90 ~1,66 1,07 i 5.80 38
22,1b | 0.8 -1.,56 1,09 , 4,66 =51
234 . 0,89 -0,34 0.93 ] 5,68 180
! 23,2 . 0.8 -0,72 0,94 ! 12,4 -820
| 23.3 | o0.87 -0.28 0.9 . 4,58 =300
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In 21.4 both potential gradient and space charge vary more rapidly,
80 the resulting error is about 2 per cent, The third, record
11.2a,shows an optimum case where the time lag is very nearly an
integral multiple of the time interval, so that the error is
negligible, In all cases, the error in the calculated

coefficient will lead to an underestimate rather than an over-
estimate of the true value, It is probable that the error in

8ll cases is not more than 2 per cent.

7.3 The Relation between Space Charge and Potential Gradient

7.3.1 The lines of best fit

-The high values obtained for the correlation coefficients
implied that a linear relation should exist between potential
gradient and space charge density. The line of best fit for
each record was obtained by the method due to MORGAN (1960) as
described in Chapter 5. The potential gradient, F, was presumably
due to the presence of the space charge,/o , 80 the lines of best
fit were obtained in the form:

F = Ap +3B
In Table 7.2 the values of A and B are given for each of 42
records, Record 4,3 was not included because the low correlation
coefficient was not significant at the 95 per cent level, The
corresponding correlation coefficients are repeated in Table 7.2,
and the values of k, obtained from the relative errors of x and y,

and ¢ also included. The values of ¢ can be seen to be mostly close
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to unity due to the high correlation coefficients. The values of

A, in v per pC n™

s are all positive, whereas the values of B,
in Vm"1, are both positive and negative., B represents the
potential gradient which should exist above the region of space
chargs which is controlling F.

A scatter diagram, showing both the regression lines with
the line of best fit; is given in Fig. 7.4, which is taken from
record 9.,1a, The slope of the line of best fit lies between
the slopes of the regression lines. The distribution of points
is not even, but grouped at the negative end. In Fig. 7.5, which
is for record 19,1, the scatiter is less and the distribution more

even, The correlation coefficients for these two records are

0,87 and 0,93 respectively.

7.3.2 Distribution of slopes of lines

For most of the records the high correlation coefficients
mean that any inaccuracy in the slope of the line, from the
assumptions associated with the use of MORGAN's method, should be
relatively small. Therefore, a meaningful comparison may be made
between the values of slope. A distribution of the slopes of the
lines should reflect a physical distribution rather than just a
distribution due to the random errors of measurement, To obtain a
smooth distribution a large number of records is essential.
Although not large, statistically, it was'hoped that the number, 42,

of records would provide an indication of the’distribution of the
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values of A,

In Table 7.2, the values of A can be seen to rangs from about
2 to 19 Vo per pC m=5, i.e, by a factor of about 10, Closer
inspection; however, reveals a predominance of values 4 .t0. 5
VYo = per pC m-{ implying that there is a preferred value between
these limits, The distribution of A is shown in Fig., 7.6 as a
histogram with the class interval chosen to be 1 vm’1 per pC m_s.
Within the class & to 5 Vm"1 per pC m"'3 the frequency of
occurrence is 16, i,e, 38 per cent of the total. Between 3 and 6
v m'=1 per pC m~3, the number is 27 or 64 per cent of the total,
This implies that a typical value lies between 3 and 6 me1 per

pC m—3

s or that there will be a 2 in 3 chance of a value lying
between these limits. The distribution is not symmetrical about
its highest point, but squashed up against its lower limit of zero,
while on the other side of the distribution there is no such limit,
For such a distribution the mean, median and mode will not all
coincide, The mode will lie between 4 and 5 but the high values
of up to 19 V!n"1 per pC m-s will cause the mean to move outside
this limit,
For all 42 records the mean value was celculated as:

fl1 = 6032 Vo~ pC n
with standard deviation:
SA1 = 3e84 Vo per pCm-s

By exluding all values of A for which the frequencies of
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occurrence is less than 2, the mean and standard deviation become:

32 5.0 me1 per pC m'=3

0.83 V™! per pC mm3

Skg
The mode of the diatribution, i.e. the most frequent value,; is
about 4.6 Vm=1 per pC m°3° In Fig, 7.7 the cumulative frequency,
taken from the histogram, has been plotted. The ordinate, n( > 4),
is the frequency of occurrence of values greater than A, The point
of maximum negative slope cvincides with the mode, but this is
mor< conveniently obtained from thes histogram, The median, that
value which divides the population into twoc equal parts,can be obtained
conveniently from Fig, 7.7 as shown, The value, about 4.9 me‘1 per

3

pC m , i8 & little higher than the mode but lower than either of

the means,

7:3.3 Estimate of height of space charge

It is necessary now to consider the physical implications
of the preceding analysis and its results, Firstly, the
relations found are betwsen potential gradient and space charge
density, both measured at the ground, A simple calculation shows
that for the measured space charge densities to prcduce the
required potential gradients, the space charge must extend upwards
for several tens of metres, Also, the variations in space charge
density must be similar at allhéig.‘ats to produce the high degree of
correlation between it and potential gradient, Poisson's equation

can be used to determine the space charge necessary to produce the
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required potentiel gradient, and can be written as

aF = - L
dz €o
or 4F = = /-Zé_ dg --.-1_

For simplicity, it is convenlient to assume that the space charge
density, /o » remains constant with height, 2z . Eguation 1
can then be integrated over the region from 2 = 0 (ground
level) to & = h (the top of the region of space charge) where
the potential gradient Fh is considered constant over the period

considered, and due to charges in clouds and higher in the

atmosphere, including those on the electrosphere. By integrating

equation 1:
F,;--F:-"—h

8° LI BN I ]

If h is now kept constant and the variation of L and F with time

2

is consldered, equation 2 can be differentiated so that:

-3 = -h
»
Which gives h = 83 Q-E ewe 0o 3

wyo

Since dr/éyo is the slope of the line relsting F and/,a ,
equation 3 may be rewritten as:

h = gA ' cocece b
Alternatively, equation 2 may be gompared with the equation of the
line of best fit, These two equations may be written:
Pt

+ B

F =

ok

and F =

B>
5
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By cemparing coefficients the following are obtained:

Fh = B e aae .5
h
e, - °

which leads to h = €, A,which is identical to equation 4,

3

Considering the unibs of A, V! per pC m ”, €, must be expressed
in pF m=1, and so h can be calsulated, Substituting the value of
€, with these units equation 4 becomes:

L = 8,854 A

Feor each of the mean values of A the following values of h were

found:
h1 = 56m
h2 = 44.,.4m

The work of COLLIN, RAISBECK and CHALMERS (1963) was
mentioned in Chapter 1, They obtained 3 empirical relations in
the form F =-a_45f + by, where A f was the difference between
the potential gradient at the level of the top of a 25m mast and at
the ground, and F was the potential gradient at the ground., They

obtained the following relations from 3 sets of results:

F = 3.5 Af=9.4
F = 203 Af'.' 59
F = 4,0 Af+ 110

The total height of space charge may be calculated from these,
assuming constant space charge density with height, The height
h i3 given directly from

h = 25a

since the height of' the mast was 25 m, From the mean value of a,




FIG.7.8. Frequency distribution of B—tfor F= Ap+B

s ; -
TUB) i
o L i Mode.-25 Vm~' _
I
|
.| g ]
|
{
l
_l [_] : r_‘ 1 i f—
-300 -200 -I0O0 O 100 200 300 400 SOO
B (Vm™)

FI1G.7.9. Cumulative frequency distribution of B

Median=2[ Vm- -

] 1 X I —
100 200 300 400 500

B (vm-)

or

300 200 100




- 108 -

the height is 85 m,

7.3.4 The constant term B

It was shown from equation 5 in section 7.3.3 that the constant
term B represents the potential gradient above the region of space
charge and due to charges in the cloud and higher up which are
considered constant over the period considered, Values of B, unlike
A, are both positive and negative and vary over a large range.

These values are liable to suffer from greater errors than A,
especially if the mean point of the line is not close to the
origin, since small changes in A may result in large changes in

the intercept; B, The frequency distribution of B, shown in

Fig. 7.8, is more symmetrical than for A since both pcsitive and
negative values are permissible, The class interval has been
taken as 50 Vo~ and the range of the distribution is from -350
Vo' 4o +500 Vm'1, One valus of -820 Vm=1, from record 23,2,
was axcluded as apparently not belonging to the population, The
most frequent values are close to 2erc, between O and 50 Vm=1.
Within this interval the frequency of occurrence is 15 or 37 per
cent of the total, Between =50 Vm'=1 and + 150 Vhfjwthe frequency
is 3 i,e, 76 per cent, From Fig, 7.8 the mode and mean may be
calculated., These are

B 28.5 Vo

i

|

with standard deviation, S 113 Vo

1

B
end the mode = 25 Vm




Table 7,3

Summary of values for relation between F and A

Quantity Value Standard deviation

Slope of line of begg fit
(V=1 per pC m~7)

Mean for all records, K1: 6.32 3,84
Mean for n(A) > 1, 12: 5,01 0,83
Median: 4.9 0.83
Mode: 4,6

Constant term (Vm"1)
Mean, B : 28,5 113
Median: 21
Mode: 25
COLLIN et.al. 53

Mean height of space charge (m)
From 11 , }-i1 : 56 3l
From 12, 52 : NN 7.3
COLLIN et.al., 85
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From Fig, 7.9, the median has a value of 21 Vm-1o All three values
are close compared with the standard deviation of the mean,
implying a near symmetrical distribution, The results of COLLIN,
RATSBECK and CHALMERS gave & mean value for the constant term of

53 Ym !

from their 3 expressions,
The values of A and B, mean, mode and median, together with

other relevant values are summarized in Table 7.3 for convenience,
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CHAPTER 8
DISCUSSION OF RESULTS

8,1 The PFair-Weather Diurnal Vardations

Bl Summary of results

Before discussing the importance of the results set out in
Chapter 6, it is convenient to give a brief summary of the diurnal
variations for the whole year, For potential gradient (Fig, 6.18),
the diurnal variation follows closely the equivalent variatioﬁs
measured over the oceans, which are assumed to reflect the variation
of the potential of the electrosphere, On the other hand the diurnal
variation of air-earth current density (Fig., 6.20) appears to be due
mainiy to v;riations in the columnar resistance., An estimate of the
diurnal variation of columnar resistence (Fig, 6.22) has a similar
shape to that measured over New Hampshire., The space charge density
varies in a similaer wey to the air-earth current density, both of
which have minimum values in the afternoon, The amplitude of the
variation of both these is about 40 per cent from the mean eompafed
with about 20 per cent for potential gradient,

Tie following discussion will be concerned in explaining the
obaerv%d variations of F, I and)/p o« Clearly, the views generally
held ai present, that, in areas not free from pollution, I is more
likely than F to follow V, are not necessarily correct, At Lanehead,
F olosely followa the variation in V, as derived from measurements

at sea, whereas the variation of I is determined mostly by the
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variation in R. It will be shown that these observations may be
explained by considering the nature and source of the pollution
at Lanehead, together with the mechanisms of convection and

turbulencs.

8+1.2 Potential gradient and air-earth current

It is helpful to begin the discussion by considering the
relations between the parameters involved, Negleoting convection

currents, the following equations are obtained from Chapter 1:

I = XF ' oec 0080 1
I = 'S ,
ﬁ ecocavoe 2

and from equetions 1 and 2.

F = \'s = Y_E'. 3
ﬁ R coocesccv )
From equation 2
1 & _ 1 @& - 4
R dat ~ ¥ dt I adt

from which the percentage variation of R was calculated.

In a similar manner, equation 3 can be differentiated to give:

1 & = 4 & 41 & _4 4B
F a4t Y dat r dt R dt

At Kew, WHIPPLE (1936) found that the percentage diurnsl
variations of R and r ran closely together for both Winter and
Summer, with the exception of & short period of time in the
morning, before convection was able to carry the nuclei at the

ground'to greater heights, If the same applies at Lanehead, this
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means that:
L _d_!: = 1_ ;‘R_ 066006000 ll-
r dt R dat
30 that L g; = 1: d'l ecescoo 5
F dat v dt

If, therefore, the variation of r is similar to that of R, the
diurnal variation of F will be similar to that of V.

It has been shown, therefore, that in the absence of
appreciable convection currents the diurnal variations of both
F and I are accounted for in terms of the variations of r and R.
If appreciable convection currents ars present, equation 4 will no
longer be true, so for equation 5 to hold, a more complex relation
than equation 4 is needed, S8ince, in Winfer, convection currents
are expected to be less than in Summer, the seasonal difference
(Pig. 6.2) in the variations of F can, perhaps, be accounted for.
The seasonal difference for I and‘/Q will be explained below in

terms of the effect of nuclei in the atmosphere,

8.2 Atmospheric Pollution Effects

8.,2.4 Ions and nuclei

The preceding discussion involving the air-earth current and
columnar resistance has shown that there is an appreciable difference
in the atmospheric electric characteristics between the oceans and
land stations such as Lanehead. Over the oceans there is very little

variation of the columnar resistance, yet at Lanehead the estimated
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variation is up to about 4O per cent of the mean, each way. On land,
the conductivity at all heights within the auatausch region depends

on the concentration of nuclei in the air. Near the ground, the
conductivity is aff'ected appreciably by local pollution, but even where
this is low, such as at Lanehead, there are still sufficient nuclei

in the air to modify the columnar resistance,

Over the oceans the nucleus concentration is small so that the
conductivity would be expected to be much greater than over land.
However, the rate of production of ions over land is about 5 or 6
times greater than at sea due to radioactive substances in the ground,
These two effects balance out so that the conductivity at sea is
about the seme as a reasonably unpolluted site on land. Above the
austausch region the conductivity increases rapidly for several
reasons: the relatively small number of nuclei, the increased cosmic
ray intensity and the increased ionic mobility due to the decrease
in pressure. EVERLING and WIGAND (1921) found that, at 8km, the
nucleus concentration had deqreased by a factor of ‘IOLF from its
value at the ground. SAGALYN and FAUCHER (1954) pointed out that the
austausch region contributes from 40 to 73 per cent of the total
columnar resistance, The evidence suggests, therefore, that the
diurnal variation of columnar resistance is mostly due to processes

within the austausch region,
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8.2.,2 The diurnal variation of the columnar resistance

It has been shown that, at Lanehead, the diurnal variation of
patential gradient is independent of the variations of conductivity
at the ground; so long as seasonal and cther effects ars averaged
out or otherwise eliminatsd, It was also shown (8.1.2) that this can
be partly explained if the air-resistivity near the ground varies as
the total columnar resistance, The diurnel variation of the columnar
resiastance can be explained by reference to the resulta of SAGALYN
and FAUCHER (1956), whe made measurements of the time variations of
conductivity and charged nucleus concentration between 200m and
4,500m above the ground in New Hampshire. Fig, 6,22 shows the
diurnal variation of columnar resistance, which was found to be
similar to their results for the nucleus concentration. The
.minimum occurs at about sunrise and the maximum at 15h local time,
SAGALYN and FAUCHER showed that the increase after sunrise was due
primarily to turbulsnt transfer and conveétion.

The slow fall-off after 15h was attributed to coagulation and
subsidence of the nuclei, In the lower parts of the austausch
region the decrease was due mainly to coagulation but higher up the
additional mechanism of subsidence had the effect of lowering the
level of the top of the austausch region, sometimes by as much as
SOOm, Advection, caused by high winds, inhibited these mechanisms
and so,in such conditions, no regular decrease was observed, For
this reason the Winter months are more liable to irregular

variations of the columnar resistance. SAGALYN and FAUCHER also
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related their results to surface measurements, where the afternoon
minimum of nucleus concentration was accounted for by convection
and turbulence carrying nuclei to greater heights, and the minimum
et night by coagulation, They pointed out thet these two procesases,
plus the nature of the source of the nuclei, would govern the diurnmel
variation of large ions at the ground.

At Lanehead, the air-earth current variation (Fig. 6.20) shows
& minimum in the afternoon, for Summer, coinciding with thes maximum
in columnar reasistance, The space charge also has a minimum in the
af'ternoon which, from the preceding discussion, is presumably due to
the depletion of ions at the surface by convection, In Winter, the
convection is expected to be less, 80 accounting for the less
regular variation of both air-earth current and space charge. At
night, coagulation will allow an increase in the conductivity near
the ground, while in the morning nuclei from distant sources of
pollution will be carried into the area by the inecreased winds,
asauming higher windspeeds during day-time. The conductivity can
then be expected to decrease during the morning and early afternoon,
in a similar manner to the increase in columnar resistence, By this
means the neéessary conditions for the observed diurnal variation of
potential gradient can be realized. Apart from WHIPPLE (1936),
already mentioned, further evidence of these conditions can be
found in the results of WAIT (1943), who found that during the

Summer at Watheroo, Western Australia, the resistivity near the
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ground did vary in the same manner as the columnar resistance,

8.2.3 The effects of pollution at atmosgheric electrioc stations

Measurements of the fair-weather diurnal variations of.fhe
atmospheric electric elements have been made in a variety of
locationas, At sea, measurements have yielded results dependent on
world-wide effects, while on land atmospheric pollution has modified
the variations, OGAWA (1960) showed that the diurnal variations of
air-earth current at polluted sites, such as Kew, can be explained
if the equationI = V/R holds, where the variation of R is locally
dependent and that of V dependent on the world thunderstorm activity,
Measurements at high altitudes on mountains have yielded results
similar to those found at sea, One of the most promising of these
sites is at Mauna Loa, Haweii (COBB and PHILLIPS, 1962). This site,
at about 3km, is above the austausch region for much of the time,

80 that the nucleus concentration should be low and representative
of that level (COBB, 1968)., The air-earth current density at
Mauna Loa has a diurnal variation close to that found from the
Carnegie (TORRESON et.al., 1946), yet if the variation with local
time is considered it is similar to the diurnal variatioﬁ of air-
earth current found at Lanshead. Here the variation is due,
probably, to variations in columnar resistance, but at Mauna Loa
no such variation should exist, For two diurnal variations to have
similar shapes for different reasons seems unlikely, although no

reason for their similarity is aﬁparent as yet.
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Lanehead seems to be in a position enjoying a relatively
pollution~free atmosphere, yet still within the austausch region,
Pollution from sources several tens of kilometres away provide a
supply of nuclei in the atmosphere which, as has been seen,
result in the observed diurnal variation of columnar resistance,
by meaﬁg of the mechanisms of convection and coagulation, At more
polluted sites, the variation of conductivity depends on the
variation of the production of pollution which will therefore
affect the variafion of potential gradient and space charge,
However, at Lanehead, the potential gradient depends on world-wide
effects while the space charge depends on the mechanisms by which
the variation of columnar resistance is produced., KAWANO (1957)
gives a Summer diurnal varlation of space charge density, at Hongo,
which also has an afternoon minimum, local time, together with a
second minimum after midnight and before sunrise, presumably due
to coagulation, For Lanehead, on the other hand, the space
charge density is almost constant at this time. The difference
between these two may be that there are higher winds at Lanehead

than at Hongo during the night, so inhibiting coagulation.

8.2.4., Seasonal variations

The processes of convection, turbulence and advection will be
dependent on the weather and, therefore, the season, The variation

of columnar resistance should then reflect this seasonal dependence.
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The air-earth current variation for May, which was cold and overcast
for the time of year, is less than either April or Jume., The
weather conditions have therefore inhibited the convection of
nuclel to higher levels, so the variation in columnar resistance
has been reduced. The seasonal variaﬁion is manifest in the much
smeller variation of air-earth current in Winter compared with
Summer and Autumn, The space charge is affected in a similar way,
but not to such a great extent, presumably due to the reduced
convection in Winter,

The annual varlations have shown a wide range of variation
throughout the year. The double maxima and minima for each para-
meter is not usual, All three vary in the ratio of 3 or 4 to 1
between their maximum and minimum values, At Kew (SCRASE, 1934)
the potential gradient variation was only 2 to 1 and showed a
single maximum in the Winter and a minimum in the Summér. The
air-earth current, at Kew, had a maximum in the Summer, unlike
Lanehead, and a range of about 3 te 1, The Winter minima at
Lanehead may be associated with the snow which was on the ground
for most of December, January and February, while Spring and
Autumn are susceptible to high winds which may have caused these
high values, In summer, the low values may be ascribed, for
air-earth current density and space charge density at any rate,

to the higher columnar fesistance during the afternoon,
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8.2,5 Concluding remarks

This discussion has shown that it is not necessarily correct
to assume that, except over the oceans or above the austausch region,
F will be dependent on local effects, but that I is more likely to
depend on V., On the contrary, as at Lanchead, F may follow V but I
is , almost certainly , dependent on the variations in R, which
in turn depends on the nucleus concentration in the atmosphere
above the station, Seasonal changes have shown the importance of
convection in modifying the variation of R and, therefore, of I,
Space charge measurements have further confirmed the effects of

convection in carrying nuclei to higher levels during the daytime.

8,3 §ggqe Charge in Precipitation

8.3.,1 Summary of results

The results of msasurements of space charge density and
potential gradient,during prscipitation from nimbo-straéus c}ouds,
have shown that the variations in potential gradient under such
conditions are dus almost entirely to a region of space charge
reaching up some tens of metres and, in some way, apparently
associated with the charging of the rain drops. The conditions
were such that neither point discharge nor splashing would have
bccurred, so some other source of the space charge must be locked
for, The correlation coefficients weres mostly greater than 0.8
and many of these were higher than 0,9, so that the estimated,

empirical relations between potential gradient and space charge
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were thought to be free from large random errors, From 42 records
the following mean relation was calculated:

F = 5.01/0 + 28
where F is in Vm ' and‘/o in pC m'B, The distribution of slopes

-
indicated a 2 out of' 3 chance of a value between 3 and 6 Vm = per

pC m-'3

occurring, The constant term showed a wider variation of
both positive and negative walues; but with the more frequent
values close to zero, Assuming the space charge density to be
constant with height, a value of the mean height of the space

charge region was estimated from the above relation as 4im,

8,3.2 The correlation of space charge and potential gradient

Most previocus workers on precipitation electricity have
assumed that the potential gradients observed at the ground
under precipitating nimbo-stratus clouds are due to charges in
the clouds. Measurements of space charge in rain, the few there
have been, have usually shown low values,unless conditions are
suitable for point discharge or splashing., However, as described
in Chapter 1, some papt workers have hinted at the results
presented in Chapter 7, in particular COLLIN, RAISBECK and
CHALMERS (1963). 1In accounting for the source of the space charge
it is necessary to explain the fact that the space charge density
values at all heights within the first few tens of metres vary in
phase, If this space charge is associated directly with the

precipltation, by some method of charge transfer, it is likely to
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accompany the cloud as both will move with the wind, The rain-drops,
on the other hand, will fall to the ground and be left behind the
advancing cloud and space charge, In such circumstances the space
charge would reach the recording site before the rain, so that this
could account for the decrease in space charge and potential
gradient before the onset of rain,

Previous measurements in steady rain have often involved
deriving an empirical relation between the precipitation current
and potential gradient. The inverase relation between these two
quantities is accounted for if the charging of the raindrops
results in an opposite charge being given to the cloud or the air
below, Thisspace charge, of opposite sign to the charge on the
rain, will produce the observed potential gradient at the ground,
If there is no wind and the cloud system is stationary, there
should be a high negative correlation between precipitation
current and potential gradient, but if the winds are high, the
distribution in drop size. will cause rain from different ohar%ing
regionsto be collected. The result may be to decrease the apparent
correlation between the two, which may explain the lower correlation
coefficients usually found than for space charge and potential
gradient in the present work,

The positive space charge due to the charge on the rain must
also be considered, since if it is of sufficient magnitude, the

potential gradient at the ground may be seriously modified, If J
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is the precipitation current density and Vv the velocity aof fall,
the space charge on the rain is J/v » The rate of change of

potential gradient with height is then:

= - J

EoV

El&

For J = 10pAm 2 and V =4 ms°1, this becomes:

dF = 0,28 Vo' per metre.
dh

For a height of 50m, the resultant potential gradient difference
between ground level and this height is 14 Vm-1. This is small
compared with the values of potential gradient observed, but may
affect the value of the constant term in the derived relation
between potential gradient and space charge density. This value is
an over-estimate if the rain acquires its charge within 50 m of the
ground, If, however, the rain acquires the charge in the cloud,
the effect of its space charge is greater. For a cloud base height
of 500m, the above value becomes 140 V m_1, which is about the same
order of magnitude as the observed values of potential gradient.

8.4 The Electrification of Precipitation

15;4.1 Distribution of charge

. Nimbo-stratus clouds can be assumed of aufficient horizontal
extent for the conduction currents through them to be everywhers
vertical, except close to the edges of the cloud, For a non-
precipitating cloud, the reduced conductivity inside it will give

rise to space charges at its boundaries; positive at the top
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and negative at its base. A precipitating c¢loud will contain a
net negative charge if' the charge separation process eccurs within
the cloud, since the positive charge will be removed by the rain,
CHALMERS (1959) discusses the electrical properties of both snow
and rain clouds, He considers that in both types the precipitation
commences in the solid state and, in the case of rain, melts at
some later stage. Measurements by him (CHALMERS, 1956) show that
for snow clouds the average total current is negative while for
rain it is positive. Average values of potential gradient were
found to be negative in both cases." Taking his measured average
values of total current density and potential gradient for each
case, CHALMERS (1959) estimated the variations of potential with
height for different conditions of space charge concentration
resulting from charge separation at differemt heights, He
concluded that, for both the snow cloud and xrain cloud, the
charging mechanism is much more likely to take place within the
cloud, The rain will, therefore, commence as snow with a negative
charge and in the process of melting will acquire a positive charge,
If, in the present investigation, the rain acquired its
charge solely in the cloud, the gquestion arises as to how the
negative space charge near the ground occurs. It is inconceivable
for space charge at the ground and in the cloud, several hundred
metrea higher, to vary in phase unless due to the same cause.

In this case the space charge must reach up from the ground to
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the cloud, IT the cloud base is, say, 500m abovs the ground the
space charge density would decremse with height to be compatible
with the present resulis., For an sxponential decrease with height,
the space charge density at the cloud would then be about 5 x 10—6
of the value at the ground,

The estimated relation betwsen potential gredient and space
charge gives an average value, for ths poiential gradient at ths
top of the space charge region, of 28 vm'1o Assuming a value of
=200 vm"1 at ths ground and 50m for the height of the space charge
regien, it is possible to estimate the variation of potential with
height, if it can be assumed that the density of apace chargs
remains constant within the region., At 50m, the top of the space
charge region, ths potential is ~4,500 V, If the cloud base is
at 500m, and agsuming no appreciable space charge between 50m and
500m, the base of the cloud is at about 7,000 V, CHALMERS (1959)

showed that if the cloud extends tc a height of 10m, the potential

at its top is about 3.6 x 105V, if the potsntial of the electrosphers
is 4 x 105V. This requires an average potential gradient inside the

53 4 =

cloud of about 3 x 10" Vm '. If in the cloud there are no charges

due to charge separation; as assumed here, the current through the
cloud will be the conduction current alone, Assuming thiz to be

close to the fair-wesather value, of about 3 pA m-2, the conduct-
ivity in the cloud must, on averags, be about 10-15

@} -4 m=1. Measurements at Lanehead of the positive




-125 -

conductivity at the ground indicate values of between about 0.5
x 1015 11._1 m"1 and 2 x 10'"15 Qo -1 m'=1 during the heavier parts
of the rain, If the values of both conductivities are similar to
these values within the cloud, it is possible for the above
condltions to be satisfied.
Some further points must be added to this simplified picture.

A limited number of measurements of negative conductivity indicate
an increase at the onset of rain, These results are by no means
conclusive, but indicate that the positive conductivity may be
decreased by recombination with the excess of negative ions as
well as by attachment to large ions and nuclei. ADKINS (1959b)
found, from laboratory experiments as well as measurements during
rain, that the result of aplashing is to give minute water drop-
lets to the air., He found that these droplets had mobilities
similar to those of small ions, Although splashing is probably
not the origin of the space charge, it is atill possible that it
may comprise these minute charged droplets, The mobility of these
'ions', if similar to smell ions, will be about 10™* m s~ per V
o', Fora potential gradient of -500 vm'1, their velocity will
be 5,,10-2 — downwards, Those starting at a height of 50m
would take 10° s to reach the ground. CHALMERS (1967a) gives the
average lifetime of a small ion as about 50s, In rain, when
attachment is more likely, this time will be less, so that the

'ions' will not remain as such for long, compared with the time

taken to traverse 50m,
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In the cloud, it is still not certain whether or not a value
of 10_1551 -1 m"1 for the conductivity is likely, For a non-
reining cloud,values will almost certainly be greater than this,
The above explanation is undoubtedly an over-simplification, but

no further comment gan be made without more detailed information

of conditions inside the cloud itself,

8.4,2 Oriegln of charge separation

It is convenient here to assume that a charge separation
occurs below the cloud, giving positive charge to the rain and
negative to the air, The ion-capture mechanism, first considered
by WILSON (1929), requires high potential gradients to be present
before the charge separation can occur, The extension of this
theory by SIMPSON (1949) involves the capture of point-discharge
ions giving a precipitation current of the same sign as that of
the space charge from point discharge., Also,simultaneous
measurements of natural point discharge at Lanehead by
Mr. I.M. Stromberg have shown that potential gradients of ground
5,000 Vo are necessary before point discharge occurs from the
tellest conifers (20 to 25 m). A metal point, 4m high, began to
discharge at about 1,600 Vm-1, which is still appreciably higher
than the potential gradients observed., Splashing at the ground,
as shown by ADKINS (1959b), results in a space charge of sign
opposite to that of the potential gradient.

GUNN (1955) considered the role of ionic diffusion in
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charging droplets of rain, Considering mist and light rain he

derived an expression for the charge gained by a drop falling
through an ionized medium, The sign of the charge was found to

depend on the ratie of the polar conductivities, an excess positive
coﬁductivity giving a positive charge., This process is not
dependent on th; existence of a potential gradient but could not
result in a negative excess of small ions since the mechanism
would cease when the two conductivities became equal,

The effects of melting is & further possible mechanism,
DINGER and GUNN (1946) found that snow, on melting, acquires a
positive charge while the previously entrapped air escapes with
a negative charge,. OWOLABI and CHALMERS (1965), during one period
of precipitation of both snow and sleet, found that the precipitation
current lagged behind the potential gredient by 40s, This implied
that a process of charge separation was occurring at a height from
which the precipitation tock 40s to fall, At the time,the freez-
ing level was probably at about 250 m; and if the charge separation
was that of melting it would have occurred from this level
downwards., They found these values to be consistent with the
charging being connected with melting. Such a process, however,
implies a difference betweep the results for Winter and Summer

which was not noticed,
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8.4.,3 TFurther discussion

From the preceding discussion there appears a contradiction
between the present results and past theories of the electric
structure of nimbo-stratus clouds, The likelihood of some charge
separation process being confined withinthe first 50 m or so from
the ground seems at first remote, so it is necessary to look for
any peculiarities in the site or the methods of measurement,
Firstly, the site is not completely open so that there may be
electrical effects associated with the nearby trees and building,
although splashing and point discharge have both been ruled out,
The altitude (440m) of the site means that for some of the time
the cloud bases are not far above the ground, However,if this had
affected the results, the conditions in Summer and Winter would have
differed.

The nature of the surrounding ground maey have been such as to
preduce the negative space charge near the ground upwind of the
station; so that by the time it had reached the station the space
charge would have diffused upwards sufficiently. Although there
was insufficient data for any reliable conclusions to be drawn,
the measurements of negative conductivity imply that the space
charge is being produced at or close to the site, so that if it
was produced very close to the ground it would not have time to
be carried upwards,

A further remark concerns the methods of measurement, The

N
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high correlation excludes any possibility of instrumental errors,
such as insulation breakdown in the space charge collector, The
field mill, beigg inverted, may respond more to space charges near
the ground than to the same concentration of space chafge about it,
The remarks in Chapter 5 indicate that the effect of this will not
be serious, At any rate, the instrumental errors cannot be very
great, so that it is certain that the space charge must reach up
several tens of metres. Finally, it may be mentioned that the
presence of such a region of space charge was implied by

KELVIN (1860) and CHAUVEAU(1900), as mentioned in Chapter 1, and

recently by COLLIN, RATSBECK and CHALMERS (1963).
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CHAPTER

CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

9.1 General Conclusions

9.,1.1 The failr-waather electric climate

The diurnal variations previously presented are the results
of a statistical analysis, to cancel out the disturbances which
have caused the comparatively large departures on individual days
from the mean for the full year. However, in order to understand
the processes which produce these disturbances, it would be
necessary to adept syncptical methods, as proposed by ISRA%L
(1955). Such methods would require simultaneous meteorological
measurements on a scale not poasible in the present investigatioen,
Statistical methods have proved successful, and the fair-weather
diurnal vardations for the full year have made it pessible to
establish an electriec climate for Lanshead. The measurements of
wind and rainfall were found te be less useful than initially
anticipated, although if a2 synoptical approach had been used they

would have been necessary.

9.1.,2 The Lanehead Investigation

The results of this investigation have been divided into
2 separate sets, fair-weather and disturbed, The data for beth

sets, however, were obtained from different parts of the same
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records, The apparatus at Lanshead has continuously monitored

the atmospheric elements within the range of conditions considered.
This first part of the initial aim, to make continuous'heasuféménts,
has been realized. Secondly, an atmespheric electric recording
atation has been established. With the necessary facilities and
with the more impeortant instruments permanently inatalled, the
station offers acope for further work for seme time te come., Many
problems have already been overcome, as described in Chapter &4,

but various improvements and additions are necessary before the
station is fully equipped and ecperating reliably and efficiently
without requiring the full time attention of any one person,
Several suggestions for improvements and additional work are

outlined below,

9.2 Iliaprovements

9.2.1 The apparatus

Muoh of the apparatus could be improved by the replacement
of worn parts, For example the field mill rubber mounts, which
perish easily, need replacing by a more durable type, The fan unit
has already been mentioned in Chapter 4, but the provision of a
more robust fan would help to cut down maintenance, In additien,
a new filter unit for the space charge collector weuld prelong
the life of the fan by requiring less pressure, Some device for

preventing insulaticn breakdown, due to spiders and snow, would
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help to prevent loss of air-earth current records, A wider gap
between collector ;nd guard ring may provide part of the solution,

Measurements of both pelar conductivities could be made on the
one instrument by reversing the polarity at intervals, Normally
the instrument takes about 10 min to settle down after the bias
voltage has been reversed, but if only hourly means are required
& change-over every half-hour would suffice, For shorter perioeds
the time constant would have toc.be reduced and the V,R,E, input
resistor shoerted during the change-over.

For a complete coverage of the atmospheric electric elements
it would be necessary to have a second, or even a third, set of
apparatus, Duplicate equipment would also help to solve the
problem of instrumental break-down, especially if both sets of
apparatus are working permanently, This is particularly true for
. V.R.E's, which take up te 24 hours to settle down after being

switched on,

Fe202 The recording svstem

The pen recorders used in this investigation made it
difficult te synchronize recerds on different charts, A multi-
channel potentiometric recorder, although not giving a continuous
regcord, would allew all parameters to be recorded on one chart,

An improvement over the potentiometric recorder would be & digital
system which recorded on punched paper tape, for direct analysis

by computer, Such a system could be arranged to recerd the hourly
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means during fair weather, while for disturbed weather a faster
recoxrding speed could be used, At present, such a system is being
incorporatsd by Mr, W,P, Aspinall and, at the time of writing, will

aoon be in cperation,

9.5 Suggestions for Further Work

9.3.1 Space charge and conductivity

The present inwvestigation has presented several preoblems
5t111 to be solved., Tig., 6.25 implies a correlation between the
diurnal variations of spacs charge and the difference between
poaitive and negative conductivities., That is, the variatien in
apace charge may be due to the vardation in the relative
eoncentrations of poaitive and negative small iens, If this is so
the space charge must arise locally, possibly by the electrode
affect, aince small ionas have a limited life. The evidence of
Fig, 6.25 is by no means conclusive, but may be werth pursuing,
A second Gerdien chamber ceuld be used, as an Ebert ien counter,
to measure the concentratiocns of small ions of either sign, and
the resulis compared with these of the space charge collector,

Msaaurements of both signs of conductivity may be useful
in determining the departure of the tetal air-earth current
density from the preduct A F, Ths convection current component
could then be ¢stimated, Measurements of the diurnal variation

of conductivity could be compared with the estimated variation
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of columnar resistance., This and further space charge measure-
ments might provide a complete explanation for the diurnal
variation of potential gradient., If possible, these measurements
should be carried out for a year, se that, as with the present
results, the seasonal variations can be cancelled out,
Alternatively,a synoptical appreach could be used by measuring
all parameters simultaneously under carefully specified weather
conditions i,e. of cloud cover, wind, temperature etc, Such a
methed would require manual observations of the weather at the time
of recerding, but should yield results in a shorter peried of
time,

Further work in rain should help to explain the presence
of the negative space charge, Possibly, measurements ef the
precipitation charges, on individual dreps, together with space-
charge density and poténtial gradient are required, The height
of the base of the oloud is alse needed, and measurements of
small ien densities would confirm the presence of small

negative ions comprising the space charge,

9.3.2 A mountain top site

The top of the mountain (630 m) is 2km to the N of Lanehead.
The site is comparatively flat and very expesed, so ideal for
making atmespheric electric measurements. Simultanecous observa-
tions there and at Lanehead might be useful for making measure-

ments during precipitation, especially if the cloud base was
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between the two sites, At present an instrumented Land-Rover is
intended to be used in conjunction with measurements at Lanehead,
However, a permanent site at this altitude, recording continuously
and simultaneously with those at Lanehead, may be capable of
providing useful information of a different type from the above
mentioned measurements,

The practical problems of establishing such a station would
be considerable with the difficulties of access, power supplies
and maintenanée. Using modern semiconductors it should be possibls,
however, to construct electrometer amplifiers to measure the low
currents involved, Telemetry, radio or line, could be used to
relay observations direct to Lanehead. The instrumental
problems involved are probably too great to be solved at
present, but an attempt could be made to set up a temporary

station for use in the warmer months,




FIG.3.7 Field Mill Amplifier (Final design)
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FIG.6.16. Diurnal variations — JUNE 1968
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FIG.6.15. Diurnal variations - MAY |968.
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FIG.6.14. Diurnal variations — April 1968
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FIG.6.13.
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FIG.6.12. Diurnal variations February 1968
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FIG6.l. Diurnal variations-JANUARY ,(968.
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FIG.6.1Q Diurnal variations — December 1967
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FIG.6.9 Diurnal variations — November 1967
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FIGH6B. Diurnal variations — Qctober 1967

% of
mean

120
100
80
60

160

140

100
80

60

140
120
100
80

140
120

100
80

60

mean= 15O Vm™'

)

—4-

T

Potential gradient

o

Air-earth current 4

A

e

t
mean=3.8 pAm=%*

N

pace charge .
™\

means33-4 pCm>

=

—

Positive conductivity

—

P |
N J
N 5

mean O7x10°n' m™!




FIG.6.7 Diurnal variations — September (967
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FIG.6.6. Diurnal variations - August (967
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FIG.6.1 Diurnal variations,JUL1967-JUN.1968
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FIG.6.5. Diurnal variations —JULY, (967
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