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ABSTRACT

Precipitation currents have been wmeasured using an exposed
recelver, Compensation ior field currenis has been achieved by
subtractiang the fleld currents o a probe, suitably ampliiied,
from the total current to the exposed receiver. The notential
gradieni has been measured using & field mill, the theory of which
has been raderived., Wind speed was also -~easured with a contact
cup anemoneter. ‘The apparatus was instaelled in a ILand Rover thus
providing a mobile. observatory.

The results obtained led %o an analysis or che condivions in
Juiet ralin wnen the inverse relation is notv evidens. e slope of
the reéreés;oh line betveen current and potantial rradienc is shown
to deven.. wica the -nase ansle of the laz between the ciurent-time and
potential cradient-tiase records.

A method tor dJeducin: the lag or lead in records shen the mirror
imege eifTect is not apyareni has been evolved :irom consiveratlon of
the Lissajous plots first -lescribed by RAMSAY (1¢:i0). The method has
been used to show some suyyors for the ideas oo CHAIMERS (1.0%5)
concerning the behaviour of records taken beneath anproaching and

Jevelopiny clcud systemss Both the approaching and isveloping situa=

tions have been observed.
An experiment has been described wnich conclusively shows the
pyloen 5 be the sourcesf negative syace charve associated with

power lines in mist or fors. An explanetion is oifered in terms of the

diiferent mobjilities u: Iree electrons and —ositive i™ns which are supposed




to be formed byionisation due to tracking across the damp insulators.
The electrons are shown during the negative phase of the line voltage
to travel a distance before their capture which is greater than that
from which they can be drawvn back vhen the polarity or the alternating
voltage changes.

Measurements of polar conductivities at two levels, above and
below the OOC isotherm, have been made Jurliyy steady snowfall with
a Gerdien conduct vity chambers From these measuremsints the charge

separacvion rate in the welting rewxlon has been esiuiuaieds




¢« DISTURBED 'VAATHIR MEASUREMENTS I
ATLOSPHERIC ELACYRICITY USLG AN

INSTRIENTED VAN
by

KENNETH N. GROOM, M,Sc.,Grad.Inst.P,,F.R.Met.S.

Presented in Candidature for the Degree of Doctor

of Philosophy, in the University of Durham.

(g

Septenber 1966,

A TR
20 OCT 1%
AR

I‘ P ad




FORii/ORD

The experimental work described herein was performed in an
instrumental van. The vehicle used was a long vheel-base hard top
Land Rover.

Being mobile, the van was suitable for investigations other
than the main topic described. In fact, several minor investiga-
tions have been attempted, ofte:n in collaboration witn a fellow
research student, Mr, T.L. Ogden.

This Thesis has been writton in two distinct paris. The first
describes the main investigatio: of rain electricity. The minor
investigations have been grouped together and appear in the second
part.

Ixtensive use has been nade of diagrams both in the description
of apparatus and the presentation and discussion of results. It is
felt that this procedure leads to a reduction in descriptive text.

The units of the work are rationalisea M,K.S. The well knovm

3

abbreviations such as p for 10-6 and k for 10” have been adopted
and used without comment as to their meaning. Often in the con-
struction of apparatus, dimensions do not have to be chosen by

physical considerations; where thnisz has begen done no conversion

from English to metric units has been made.
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rrecipit-tion currentis nave veen measured using an exposed
receiver. Compensation for field currents has been acihieved by
subtracting the i'ield currents to a probe, suitably amplified,
from the total current to thc erxposed receiver., The potential
precient has been mesasured using a field mill, the theory of wiiich
has been reaerived. ind specd was also measured with a contact
cup anemometer. Tne apparatus was installed in a Land Rover thus
providing a mobile observatory.

The results obtained led to an analysis of the conditions in
quiet rain when the inverse relation is not evident. The slope of
the regression line between current and potential gradient is shown
to depend upon the phase engle of lag between the current-iime and
potential gradient-time records.

A method for deducing the lag or lead in records when the
mirror image effect is not apoarent has been evolvea from consideration
of the Lissajous plots first described by R-lioaY (1960). ‘Fhe method
has been used %o show some support for the ideas of CHAILMERS (1965)
concerning the behavicur cf recc:ws taken beneath approaching and
developing clouwa systeas. Both the approaching and developing situva-
tions have been observed,

An experimeni has been desciribed which conclusively shows the
pylon to ve the source of nepative spuce charge associated with
power lines in mist or for. An explanation is ofrered in terms of

the different mooilities of free electrons and positive ions which



are suproselé to pe lormed vy ionication due to tracking across the
damp insulavoirs. 1he elzctrons are chown durinz the negative phase
of the line voltage to travei a distance vefore their capture which
is greater than that iroa vhicih they can be dravn back vhen the
nolarity oi the altermating voltage changes.

lieasurements of polar conductivities at two levels, asove and
below the 0°C isotherm, have neen wmade during steady snowfall with
a Gerdien conductivity chamoer. i'rom these measurements the charge

separation rate in the neltin: region has been estimated.
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Investigation of Precipitation Ilectricity




CHAPTHR 1
Introduction

1.1 Note on the chapter's content

It is not the author's intention to give a survey of the
history and current state of Atmospheric Electricity. If he desires,
the reader can find such surveys in the literature e.g. WILLOW (1950),
. 1Ty
WO:MELL (1953), CHALM=RS (1957) and ISRakL (1961).
Reference will be made to relevant previous work in the subject
wnere it is applicable., Yhis introduction will be confined to a

brief discussion of the possible causes of the eff'ects which the

investigation has attempted to measure.

1.2 Continuous Rainfall

Yor the purposes of ;Z—lectrica.l investigation GSCK.EMD (1920) has
classified rainfall into three types: continuous or quiet rain,
shower or squall rain and eleciricel storm rain. The investigation
described vias only concerned with continuous rain.

Continuous rain generally falls from Nimbo-stratus clouds,
although quite long periods of rain sometimes fall from Alto-stratus
clouds, For the purposes of' this investigation both clouds can be
considered as only differing in altitude, The usual mode of formation
of these clouds is the warm front. In the varm front air rises slovily
up a gradien% of ubout i in 100, The resul
condensation and cloud formation.

cait W
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It is cenerally accepted that LLMGERO. (1933 has correctly
accounted f'or the origination oi most precipitation in temperate
climates. Prscipitation in frontal conditions will aiways start
25 snow which may or may not melt before reaching the ground.

In all stages of the history of a precipitation particle from
its formation to its arrival at the ground there are some charging
mechanisms which may be operctin:, These may be conveniently split
up and the charging considered in aistinct regimes. Thnese are the
solid and liquid phases and the transition from solid to liquid,

To these three must Le added any charging wihich occurs because of
splashing at the ground.

CHALMERS (1959) has demonstrated that models of the electrical
structure of nimbo-stratus clouds can be opuilt without a detailed
consideration of the charging mechanisms concerned. As such con-
sideration is a huge ficld in itself, space does not permit its

inclusion here.

1.5 The &lectrical Struciure of iWimbo-Stratus Clouds

CHALMERS (1959) conuiders the niubo-stratus cloud as being of
sufficient horizonal dimensions ito render the edge ei'fects negli:ible.
The quasi-steady state, which for nimbo-stratus can be taken as
ohservationally established, implies that the total vertical current
density is independent of' height. The components of the total
current namely precivitation, conduction ana convection currents

vary in their coniribution with height. (e.g. the total current will


http://vd.ll

4

Je
oe comprised completely ol tho conwuction current above the cloud).
«1lthougn an analyticali soluuion of the jeneral provle. is
impossizcle Chalmers nas viorked out two limiting cases {or voth rain
and snow clouds betwecu which tiie true solutions are likely to lie.

The result of Chalmers's analysis Tor rain clouds, which is reproduced

in fig. 1.1, was & vertical proiile of potential. Since the rain
began as snow which is usually negative there must be a process of
charging at or velow The meliing level to give the positive rain
current usually observed e.;. CEWLERL (1956). 'fhe negative svace
charge liberated in such a senaration accounis for the negative
potential seaic showm in the prolfile. “he profile (c) is the case
where the charge separation takes nlace at or near the ground by,

as SNITH (1955) suggesis, splashing for example. Profile (a) is the
case where the separation taics place above the cloud bvase.

Chalmers believes tnat (c) is less likely than (a) to be near
the true state of affairs because tThe space charge in uue cloud is
knowm to be everywhere negative. A negative space charpe reguires
that the profile should be conve:, viewed fron the left, as a simple
qualitative examination, i'ig. 1.2, of Poisson's equation shovws.
Hence it can be seen that (a) satisfies the requirement where (c)

does not.

1.4 The Scope of' the Present iiork

Using a Land lover apparatus to measure precipitation current
and potensial gradient has been rendered mobile. From Durham it is

quite easy to reach places whicin are 1,000 - 2,000 ft. above sea level.
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Ofien, .arliculurly in niabu-siratus conditions such places are
witnin the cloud. It is wms posszivle to investipate the electirical
nature of the cloud itselz',

Hobile apjleratus also affords the possibility of making cou-
parisons of potential gradient and current at different levels in
and below the same cioud. OSucli comparisons, in & quasi-sieady state,
could pe of great i.portance in investigating the vertical proi'i es
of eleciricai parameters, so adding further information to the work

of CHALMERS (1959).



CHAPTER 2

Ihe Design and Development of Apparatus

2.1 ZThe ieasurement of Precivitation Current Density

The cnoice betwcen exposed anc shielded receivers for the
measurement of precipitation current has been discussed since the
first measurements wvere mode; with shielded collector by =Zlster
and Geitel (1888) and VEIsS (1906) with his exposed wire brush, which
viould almost certainly have been plagued by point discharga.

The main dravbacks of the cxposed receiver is the displacement
current vhich is also received due to changes in potential gradient.
Compensation for displacemeni current is necessary if' exposed
receiver results are to be meaningiul.

The shielded collector avoids displacement current by collecting
the rain in a ceonne, usvally, wirich is shielded from the potential
gradient., This method is successful at all experimental sites except
those at places with a very high ciposure to potential gradient.

‘he top of a metal mast causes a concentration of potential gradient
such thut adequate shielding oﬁéteceiver is quite impractical (see
COLLIN and RAYLBHCK 196L). ‘he shielded coilector suffers i'rom the
drawback that not all the rain is collected. LCRALE (1938) reported
that his collector only received half the amount of a standard rain
gauge. IMurthermore the sample collccted is not usually tyovical of
the rain falling. Since in the presence of wind the smaller drops

are carried closer to the horizonial than &we the larger. The
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result is that a shielded collector wiil collect a greater proportion
of larger urops than is typical of the rain.

This drawback was demonstrated quite dramatically in the present
investigation. On one occasion a shielded colliector was borrowed by
the author during condiiions of drizzle. The current measured was
found {o oe less when the collector was vertical compared with when
it was horizontal facing into the wing!

For this investigation it vas decidea that an exposed receiver
viould be more suitable as a greater collection area is possible.

Tuus facilitating a greater signal to noise ratio - an important
consideration for apparatus which has to be carried, pernaps over
rough country, in a Land Rover.

The first method to be considered was an adaptution of the
method used by WILSON (1908) to measure air-earth current (see also
CHALKERS 1962). The apparatus needed would simply have been an
insulated plate with a covering mechanism.

As the general aim in the design of the apparatus was to make
it suitable for eventual automatic recording, this method was not
adopted as the mechanics of covering and uncovering a large plate would
have been difficult to automate. The electronics are quite feasible
as the timing could have been controlled by a stepping circuit.
However, it was decided to have a separate plate for precipitation

current and a iield machine for potential gradient.




whe collection plate

The plate constructed was circular. Uhis shape was adopted in
order to mininise tile relative importance of ed;e effects. ‘“he
signai from rain current is proportional to tne area of the plate
wnile the noise from edge eifects is proportional to the perimeter.

A circle, iherefore, maxinises the signal to noise ratio.

The maximum area wviidcin could ve conveniently sunported on the
roof of the Land Rover vas 0.5 m2. walls of' 5 inches were spot
welded onto a circular plate of area 0.5 m2. Tne intervals betwcen
the spot welds were plugged with fibre glass compound to prevent
leakage of watler from the plate. Such leakage would give spurious
results since the tray would pehave as a water dropper; drops carrying
avay charge depending upon the potential gradient.

The plate was supported on five insulators, initially polystyrene
(see later), distributed so as to bear the load equally.

The lead from the plate to the amplifier in the van below vas a
1 cm diameter helix of stiff copper vire of diameter 2 mm, This
construction allows the lead to be rigid during recording due to the
stifiness of the wire, thus eliminating spurious piezoelectric currents;
while the helix can take up any movement induccd by the motion of tue
Land Iover in travelling which may have damaged a straight rigid
conductor.

Guard ring
One of the main ed;e effects in these measurements is the charge

whicn leaves the collector on a droplet produced by a drop splashing
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on the collecior tray. If such droplets stay in the air they ;ive

no cause for worry as this is a natural charge separation. If,
however, they fall to ecartu ofi ihe iray they add a spurious component
to the results. The efr'sct can be compensated for by adding a guard
ring, as suggested by WILSOH (1916). Compensation is achieved since,
in the pre.ence of a guard ring therec is on average an equel flux of
droplets in and out of the collector iray.

Llectronics

The order of magnitude of' precipitation current density ranges

10 4472 for continuous rain up to 1078 4n2 4n

from 10712 to 10
showers, the highest ever recorded being 1077 (CHALEERS and LITTLE 1947).
Tne current density can be measured either by measuring the charge
collected in an interval or by direct current measurement. I'or nimbo-
stratus the range of interest will be that of continuous rain namely

-12 to 10-10 A m-2. For collection over periods of some minutes

10
charges of the order 10”10 4o 107 Coulombs would be collected.

Measurement of charges of' this order is impractical with a
ballistic galvanometer since the Land Rover's motion would upset the
delicate levelling necessary. The charge vould have to have been
measured by the voltage it exerts across a capacitor. Since this
voltage vill be transitory it would be of dubious value for automatic
recording unless the voltage vas measured with a voltmeter of extremely
hig.. input impedance.

The best configuration f'or ultra anigh impedance valve voltmeters,

tne inverted triode, is described for example by R0.SON (1960) or



9.

TiAE (1928)(see fig. 2.1). liowever for the use invisaged there is
a fundamental drawback - therc is no vay of discriminating the sign
of the voltage.

It was thought thzt a compromise may have been reached by using
a normal electrometer valve even though the decey vould have been
more rapid. Although such circuits, fig. 2.2, viork satisfactorily
the decey was always found to be too rapid for automatic rocording.

The voltage produced on a capacitor by & charge could alterna-
tively be measured by a chopoer type amplifier. A transistor chopper
vould not be suitable as it would, in the conduction regime, earth
and so remove the charge being measured. However, e vibrating capacitor
would be suitable if the 4.C. amplification stage following it had a
high input impedance. The sign of the charge would have to be
determined by employing phase sensitive rectification.

The aoove is in fact a briefl description of a vibrating reed
electrometer (VRE) - the instrument which was in fact finally adopted
for use. As a VRE was used it wus possible to measure the current to
earth from the plate directly, which is more useful than the dis-
continuous charge measurements.

The VRE which has been amply described elsewhere requires a pover
supply of 240 volts AC at 50 c¢/s. Such a supsly was generated by
a solid state transverter from a VC supply of 24 v from Lead-Acid

Accunulacors,
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Insulation

“he proolem of the maintenaﬁce of high insulation in the lower
atnosphere has always beon difficult. DOLEZALiGL (1956) has even
been moved to the production of a publication on just this proble:.
ihe problem is to produce an insulator the resistance of which will
not fall to an intolerable level under conditions of high humidity.

The best known insulating material readily available is
polytetrailouroethelene (P,u.1, i.). 4he properties of r. 7. F.E. are
well documented in the various trade publications of the manufacturers.
In the atmosphere the surface resistivity is most liable to failure
due to the formation of a film of water over tne insulator surface.

An important and relevant property of P.1.T.)M, is its angle of contact
to water which is very close to 1800, causing any surface moisture to
fora droplets and roll off, thus leeping & dry surface. 4As the insulators
were not readily accessible (see fip. 2.3) it was importent that

they should be reliable. 4 small scale tes: was conducted with a

sample insulator. with the equivment at hand the highest measurable
resistence was 101%ll. This is quite a convenient value as it coincides
with the highest input impedance of the VRE. The experiment (fig. 2.4)
consisted of placing the sample insuvlator in a conirolled atlmosphere

the relative humidity of which ﬁas raiced from 60 to 1005w Up to 85i.
H1 the resistance was in excess of 1012 ohms decreasing to l,..'|01'I ohms
at 100,. RH.

It would seem thut in using apnaratus where tne hiéh input

resistance was needed some heating of the insulators would be necessary
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to kees the humidity low, whilst this would not be necessary for
lowver input impedsnce .nsiruments.

Now since atmospheric veter carries a large amount of impurity
it was decided that it would be unwise to allow any coundensation
on the insulator in case a build up of surface dirt occurred which
would nave lowered the surface resistivity. It was decided that
the plate insulators would have heating in spite of the foregoing
paregraph just to be on the safe side.

The heating was done initial.y witn a smell coil of wire round
each insulator each dissipating about 2% watts. As some troudle
was experienced due to the low mechenical strength of the heater
coils they were subseauently replaced by small 2.2 w bulbs which
proved most reliable.

The configuration of the -insulctors and thin housing is shown
in fig. 2.5. The insulalor in the diagram can be seen to have
grooves cut into it. These grooves increase the path for the
surface breakdown and, more important, the grooves are cut on a
lathe with a clean tool just before the insulators are mounted, It
was found that the new cut surface had a very much higher surface
resistance than a carefully cleaned old surface.

Compensation for displacement currents

Vith an exposed receiver the current measured is the sum of
three components; tne precipiiation current, the conduction current

and the displacement current i.e. for a plate area &

I=A(jr+‘xF+e%)
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where A is the a -propriate polar conductivity at the
plate
¥ is the potential gradient
A is the area of the collection plate
€ is atmospheric permittivity

The conduction current density ( AF) will often, thougn not always,
be negligible compared with tne precipitation current density (j,p).

h)

However, the displacement current density e %% can quite easily
be very much greater than and of'ten of the same order as the
precipitation current density. Iig. 2.6 snows the record of a dis-
placement current superimposed upon an otherwise tolerably steady
rain current. Since both the conduction and displacement currents
are controlled by the bchaviour of the electric field they can for
convenience be lumped together «nd called "field currents®.

ADAMSON (1960) has described apparatus to measure conduction
current with compensation for displacement current. He took the
differential output of a field mill and applied it to one grid of
a double electrometer triode: the ccllectior output was applied to
the sccond grid. Amplification of the difference in anode voltages
will, if the time constants are equally matched, be a measure of
conduction current, The method which produced good resulis in all
but very disturbed conditions follows LCRASE's (1933) vain attempt
at compensation.

Application of Adamson's technigue to the present problem

involves interference with the input circuitry of the VRE which
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vas not thousht to be desirable.

LUKLEISSZ (private co.munication) has used earthed vertical
conducting rods as snieldiig Tor a collector mounted in the plane
of the earth's surface, GSuch shieldings which would only interfere
with the precipitation to a small extent, was found to eliminate
the potential gradient at the collcctor. Such a method would give
the desirable properties of both oxposed and shielded receivers.
Llectrolytic tank experiments

The plausibility of lluhleissen's idea for a collector mounted
on the roof of a van vas investigated in two dimensions for various
models in an electrolytic tank,

The models under test were attached to an earthed plate. The
equipotential surfaces between the plates were plotted by selecting

1
(see fig. 2.7) and adjusting the position of the probe with the loud

a voltage with the potential dividing resistance boxes R, and Ré

speaker registers minimum sound.

Two shapes of model were investigated, fig. 2.3, which approached
liuhleissen's use in the plane of the earth's surface and the possible
configuration on the van. In practice shielding posts would have
to be separated by about 1.5 m. iny post height in excess of 2 m
would be quite impractical, so the maximum height: separation ratio
wvortn investigation was 3:2, The equipotential diagrams in fig. 2.9
show evidence of good shielding i'or high ratios.

In the second model the potential of the plate was determined

by placing the probe on the collector and adjusting Rﬂ and R, until
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R
a balance point was found. The ratio of ﬁ—%ﬁ- gives the ratio
172

of the voltage of the collector to the total potential difference
applied. The reduction factor can be defined as the ratio of the
potential witn shielding to that without. From a graph of reduction
factor against shielding height (fig. 2.10) it was deduced that a
height of avout 2 m would give a 1!. reduction factor.

Field trials of post shielding

Three posts, (2 a high of & inch diameter brass rod) were erected
symmetrically about the collector plate., The tip of each rod was
turned to a hemisphere.

The testing procedure consisted of placing a portable field mill
in the centre of the collector and comparing the reading in the presence
and absence of the shielding posts. A fine day vas chosen and the
ambient potential gradiont monitored with a second field mill.
Unfortunately no significant reduction in the field mill reading was
observed, indicating that the posts provided negligible shielding.
The project was dropped forthwith.

Compensation by direct measurement oi' field current

An obvious method of compensation is to subtract the field
current from the total current. To do this it is necessary to
neasure the field current arriving in an area equal to that of the
collecting plate., Ideally, vhat is required is a second plate
adjacent to the first which can be "persuvaded® not lto accepl any rain.
As this cannot be done what is required is some device which will

accept the same number of lines ol force as the total current collecting
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plate, but will not accent any rain. this could bpe done by inverting
a plate so that the rain cannot enter; lines of force would, how-
ever, reachh the plate in the samo way as they reach an inverted
field mill.

Experience with ficld mills has shown that some exposure is
lost when they are inverted. T“hus it would seem that the area of
the inverted plate needed to collec. the same number of lines of
force wiould have to be greater than the 0.5 m2 area of the original
collecior plate.

If the exposure could be Zncreased the size could be reduced.
It was docided that perhaps an :inverted point could be used instead
of an inverted plate as this would have & greater exposure to the
field. 'This method was adopted in the hope that the position of
the point could ve so adjusted that the point would have an equiva-
lent plane area equal to that of the plate.

Measurement showed that this could not easily be done., How-
ever, it was realised that the output of ihe probe could be amplified
up before the subtraction was performed.

The i'ield current prove vas constructed from & s.1211 rounded
noint protected by a brass umbrella fig. 2.11.

4 second V.R. K. had by this time been requested lor the other
van-borne experiment by lir. i.L. Ogden, It was decided that the D,C.
amplifier & 503D made by Roul: ilucleonics should be suiiabla for the
measuremenis of precipitation current although not sensitive enough

for the space charge measurements as initially planned by lir. Cgden,
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The oovious course of an oc:change vas taken, Two .¢ 503B amplifiers
were purchased and employec for thc measurement of tae nlate and
nrove currents.

The difference between the plate and probe currents would give
the precipitation cuirrent il the equivalent plane area of the probe
is equal to that of the plave.

The probe was attached to ihe back of ine van, the point being
about 6 f't. above ground level., iov if the equivalent plane area is
not equal to the plate area; the pain of the amplifier can be
adjusted to give an output which can be matched with the output
from the prove in non precipitating conditions.

To determine the equivalent plane area of the probe the outputs
of the iwo amplifiers were recorded on a chart, a section of the
record of which is reproduced in fig., 2.12. Values of current from
both records were plotted on a graph shown in fig. 2.15. The small
non zero intercept was due to an incorrect zero setiing of the chart,
This, nowever, vas not of importance as it is the slope of the line

which gives the guantity of' interest, The slope was found to be

5""-‘- -

255 x 10 2. As the area of the plate was 0.5 m2 the equivalcnt plane
oY 2 52 2 g

area of the prooe is 0.5 x Eznp x 10 = T3 x IO . It vas

found that, and can be discerned ITrom fig. 2.12, that there was a
difference in the time constants oi the two amplifiers. As the makers
strongly discouraged che interference wiin the input cireuiiry it
wos decided to measure the Gifferonce with apparatus having a long fme

constant - the idea being that the differences due to the mis mateh
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"Fig. 2.13 Scatter diagraw for displacement currents 3.2, 66
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of tiae constants vould be esmoothed out.

The device used to indicate the difference had to have a tine
constant oi' aboul 30 sec. Tae output of cach WL 5038 feeds & low
impedaace so vne value of' capacitor nececsary is prohivitively large.
what vias needed was a device with a low input impedance and a high
output impedance. The device,used ig. 2.1k, vas what is Znown as
a long tailed pair and is of'ten used for temperature compensation
in D.C. amplifiers. Eacn transistor deals with one signal and the
difference between the two is indicated on the voltmeter. The
capacitor of 1000uF imposes a time constant of 30 sec., ‘The setting
controls V1 and KV2 are used to set the zero under open and short
circuit conditions respectively.

The gain of the probe's amplifier vas adjusted until no dirf-
ference could be detected between the plate's and the prove's output
during non precipitating conditionc. ‘'this system worked satisfactorily
in nimbo svgkus weather vhen conditions are not generally violent.
The system could not compensate for displacement cur.ents caused by
small local space charges whicn influence the probe and plate at
different times and possibly to dif'ferent amounts., Thic wvas
probably the cause of' the scatter shown in Iig, 2.13.

A direct calibratior of the difference amplifier was perilormed,
the results of whkich are shovm in iig. 2.15. It was not thought

necessary to calibrate the iani: J,C. amplifiers.
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2.2 ‘Ine Leasurement of Potential Gradient

The vertical potential gradient can be measured directly witn
potential equalisers at different heights. This method usually
involves a long period for esqualisation unless radiocactive egualisers
are used. FKowever, as the radioactivity may distort the measure-
ment of other parameters the indirect method is usually preferred.
(The passive probe antemma described by CROZIZR (1963) is not con-
venient for portable aoparatus).

Coulomb's law gives the surface charxge density o bound onto

a plane conducting surface vy = poteniial gradienv F as

O = =gl
where ¢ is the permittivity of the medium. In the case of the
atmosphere ¢ can be taken as €3 the permittivity of free space
8.85 x 10712 7 m_1. Yor e typical fine weather potential gradient
of 100 v m-1 the surface charge density is of the order of 10_9
coulombs per square metre.

This charge densily is measured witin field machines by shielding
some conductor wiich has been exposed to ihe potential gradient where-
upon tne char e is no lunger bound and flowc in the direction of earth.
The shielding exposure cycle is achieved by moving the shielding so
as to alternately expose und shield the sensing plate, or to move the
sensing plete beneath the shielding, The field mill is of the former
type whilst the agrimeter (CHALIERS 1953) and the electrostatic

voltmeter (MATHIAS 1926} are of the latter.
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The outputs of the apgrriccter and electrostatic voltimeter are
oboth proportional to the suriace clarge density and Lhe irequency of
the exposure-shielding cycle. Suppose an electrostatic voltmeter has
an area of 5u cu’ exposed to a poiential gradient of 10u v n 1. “hen
for a frequency of 50 c¢/s the output current will be avout 5 x 10_10
Amps. (The detailed theory of the elecirostatic voltmeter can be
found in KASEWIR 1944). In view of the difficulty of amplifying direct
as opposed to alternating currents a fiela mill was used.

The theory of the f'ieid mili

Signal amplitude

The expcsure-shielding cycle in a field mill is usually achieved
b rotating a vane wvhich is cul into sefments of a cirele over a similar
sensing plate (fig. 2.16). Yor a vane of N sectors the avex angle
of each vane is n/N.

f e . 2 2\w . .
The exposable area of tne vene is (r2— ry) /2 which can be

vwritten as (-r: - (;‘) N ¢ /2

Nov: the charge bound to an area &4 by a potential gradient r is
qQ = -€AT
If whe cnarge on the plate when screened is a, tiien <che charye Qy in
an intermediate position is given by
qt = 9 =-€¢€ A ¥

where w is the angular velocity oi he rotor and t is the time elapsed
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since iae last instuni of total ceroening.
Tne displacement cuirent is ;iven oy

dq .- w \

= L = =€ A= eees (1

Tt o * ¥y (1)

The equivalent circuit, including leaks and stays, of the rotor-rstator
assembly is shown in f'ig. 2.17. HNow at time t the voltase V across

the capacitance C is give: oy
t
= 1 .
V=2 L dt
CJ

since I = i

L~
diff'erentiating
& LV
t " C R

Solution of this difterential equation with the boundary condition
that V = X when t = O yields
V= In (1m0 e W

+h eeee (2)

To evaluate this expression a boundary condition wnich gives
K is needed. '4YW.is condition is that at the odegimning of tne n th
half cycle, when t is taken as sero, the voltage will be egual to
the (n-1) the peait value, V£_1 say. lquation 2 for t ;2{; (the half

period) oecomes

V, = IR (1- exp(-1/2§RC) +V,_, exp(-1/2f2C)
....(3)
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Trhe successive expansion of' ecu tion 3 for all n froa 1 to I rives a
pover series ior VN' The aliernation of sirns is due to the
alternation of the sign of I with succeusive half cycles of its square

wave

\ (-1)~ 1&(!-;)(!—-&4 ot (%) ) ¢ (..;)" Vo -----W)

where oL = &xp (-1 lzf Rc)

If, for definiteness, the first hal:s cycle is taken as being
one of exposure then Vo will be zero as no charge will be bound on
the stator when it is screcened from the potential gradient.
The power series in equation 4 with the last term, (- aL)NVO , being
zero is converging if eb< 1; whici is the case.

Sumnation of 4 now gives

Ve = C1)7 IR (-1 (0)") e v piite

(1+) ..(5)

1R (1-4) for N infintle
{1+l

Vp =

The ambiguity of sign in ecuation 4 is removed if the amplitude, but
not the sign of the output is considered for VN and Vg .
Response time

It is desirable to kiow at wnat time VN is a good approximation
to Va9 for operational use of' a field m=ill,
The response time can pe defined to be the time taken for the

ratio (V, ~ Voe )/Ve to vecome equal to 1/e. ‘Where, as above, V. is
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the neak voltare amplitudo n haif cycles after an instantencous increase
of' potentiai gradient from zero to F. For equation 5 the ratio is,
in terms of amplitude only,

IK(I-eL)(l-(«L)“) TR (1-a)
Vn = Veo _ Ql + °‘) (d+)

Vo IR (1-w)
(1+)

]
R

s |1 (0% 1

N
The value of N for which a(,: e ! vvill lcad to tne defined response

tice. &ince ol = exp(/2fRC) the said condition is satisfied when
H - 2f . A number of khalf cycles . corresponds to a time i/2f
seconds, Thus the defined response time is equal to RC, thne relaxa-
tion time oi the stetor rotar assembly.

It should be noted that to solve tie condition laid down, N
will not in general pe an integer which the treatment strictly recuires.
tlowever, Vﬁ for non-inlegral values of 4 can be considered as lying
on the envelope of the peak valuec o1 V and tne response time can be

considered as being also referred to this curve.

Dependence upon freguency

If RC is suitably smail vhen the amplitude of the mill signai

can be taken as ' V.., . Suostituiing for O(.,equa.tion 5 gives


http://cyc7.es
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1R (1 - exp(-1/229)  (5,)
(L+ exp(-1/2¢R)

| Vo | =

Hxpansion: of

1-1+ = -

4
3
1 #+ 1 - < + 1 el - é x” 4 -

3'95.("?) aujhdﬁ-J Gams o oveer s Md-’no'Lf

= -x’/ 2 . v - - v -

Thus the expansions of (5a) gives

IR

IVaoI s -

s 1
Lf Rc’ provided TR0 << 1
Suostituting for I from equation (1)
€cAFfF w cAF
l Voo l = - —
Lx fC 2c oo (6)

Thus it can be seen that the output of the mill is directly
proportional to the potential gradient and :independent of the
frequency provided that 2fRC >> 1.

Choice of component values

Value of v
Fro+ equution 6

C = €AF
2| Val
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ror convenience of ampliiication an output or ~ 0.9 m. for 1 ¥

would ce suitabie. %iith 2 normal size vortable mill r, = 7.5 and
- 2
‘s . 2
r, - 2.2 ¢cn giving an area oi 25 @ ¢cn .
These figures yield

d. 85 }:_._1_0—12 i 2h x 1.'.10-}'" 1

c
2 x 107

n

348 pF

This represents the maximum acceptable value for C required to give

a large enough signal for amplification, 1t snould ve recalled that
this capacitance includes the capacity of rotor-stator as.embly
(typically 3v pr) and the input cepacity of the first sitege of -the
amplifier (sey, 3 or k4 p¥).

Value of

It has been shown in equation (6) that ihe output amplitude is
independent of the resistance, however, the resistance value does
have considerauvle effects upon the mill's periormance. In the
equivalent circuit (fig.247) R reprecents the resistive combination
of the grid-cathode leakage (or solid state equivalent) of the
amplifier input stage and the parallel leakage resistor wiich is
incorporated.

Yhe grid current in tne input valve will develop & potential
drop across R vhich will put the stator at a D.C. potential different
from that of eartn. Clearly the higher R is allowed to pe the greater
this effect will be. Such a J,%. potential will give rise to two

effects. The first is the unetual exposure of the field mill to fields
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of opposite sign. Yhe second and more important is that a spurious
3ignal of the same frequency as tne true sighal will arise due to the
varying capacity of the stater-rotor capacity.

The potential drop across the resistor, R1 due to grid current

IG is of course

Tnis voltage is also acros. the capacitance which consists of a
constant capucity C and a variable component due to the change of
capacity, KC, witn the rotor's movement the maximum value of which
is AC., The amount oi' cherge held on the capacitance will vary E
being ecgual to V Eb. The pealk voltage of spurious signal % = % =

V AC = IR AC . It is necessary for this spurious signal to be smaller

C c
then that Gue to 1 v/m, say,i.e.

£ pr <« 10
C g

-l

Now C = 350 pF as determined and &C is typically ~ 4pF. An

elecirometer valve has a grid leakage curvent of the order of 10-12A
= ~-12 =l
Hence R <« 33912 19 X 1?2
i0 x4 210

10
<< 10~ ohms.
- as s . . " a0
his condition is well satisfied by a value of 10 ML .
£ componont valuc of 20u LF for the capacitor which, together

with the intrinsic capacity of the vanes, gives 230 pF, which is well

within tne recuirements for C.
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Onece R and C have oveen f'i:ied the f'requency can be chosen with
reference to the condition for non-dependance of output upon

frequency, i', and resistance, R. i.e. thut which requires

x = 1/(2r K) << 1

It will be recalled that thi:z is the condition for the approximation

that X

1 -6
1 4 e_x

I
PO I

In fact fig. 2.18 snows that this condition neced not be taken
to too extreme lengths. Mig. 2.1. snows the functions y - x/2 and

-X
y = 1-a-x plotted for velues of x beiween U and 1. It can be seen

140
that for = as large as 0.5 the difierences bhetween the functions is

barely discernible (1 part in 500),
Thus the f'requency condition is easily satisfied, for, in

practical terms, the condition becomes

2f KC > 2

ief > (&)
wnich for the values quoted yields

f > avout .0
lience, for almost any practical motor, the frequency presents no
theoretical problem. %“his allows the choice to be made for electronic
convenience.

As audio frequency amplificotion is vrooably the easiest to

achieve, a 3000 rpm motardriving a /4 vane mill yielding 200 c¢/s would

oe guite suitavle.
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Sign diseriminztion

Since in the investigation proposed no very high potential
gradienis were likely to ve encourtered, it was decided that a single
potential gradient range would ve adequate., This being the case, the
simplest method of sign dizcrimination was that of displacing the zero.
An auxiliary field is best produced by a high volitage over a smali
area of the stator, rather than a low voltage over a large area. TtThis
procedure reduces the proportionste error introduced by contact
potentials aue to surface deterioration. It was decided that this
could be best achieved by applying & voltage to an insulated guard
ring.

The field mill design

The powver availabie to drive the 3000 rps nmotor wvas 2h4v L.C,
Such 2 motor inevitably produces sparlking at its commitator. Adequate
screening of the electromugnetic radiation from such a sparx requires
special metals of low permeability. It was thought that a petter
solution would be to isolate the motor fro.: the mill by employing a
flexivle drive shait. The use of zuch a shaft meant using a higher
power motor than may have otherwise been necessury. The torque
required to vegin turning the varnevhen transmitted through the flexible
drive was found to ne 3.4 ounce~inches. This necessitated obtaining
a L ounce-inch motor tu do the jow.

The mill head unit was mounted on an outer wall of the van in
dovetail slides so that it could be casily removed for travelling and

stovied similarly inside the van, Yhe motor wa:z mounted insiae ihe van,
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the flexible drive passing tihrough the van wall tothe head unit.

Lo reduce noise und vibroation due to the motor, anti vibration
mountings vere employed. <rhese consist of a solid rubber cylinder,
on to eacir end of which is bonded a threaded rod. “he rubber thus
affords a flexible link which reduces the transmission of vibrations.

On an initial test it was found that the mill was receiving
pick up whicn had the same {recuency as that of' the motor. It was
felt thut this may well have becn transmitted from the motor to the
shaf't inside and then conducted along the flexible drive to the head
unit. To prevent such conduction, a rubber bonded bush was used to
link the motor vitn the flexible drive, Such a link is also flexible
vhich obviated the need to line up accurately the flexible drive with
the motor shaft. It was found that this measure eliminated the pick-
up described.

To protect the cathode follower from the vibration of the
moving parts of the mill, <the whole moving part unit is separated fronm
the mill chassis oy anti-vibration mountings. The construction of the
moving part unit is shown in the exploded diagram comprising fig. 2.19.

In fig. 2.19 P represents the outer case of the flexible drive
which terminates in a solid bush, I, and the central rotating drive
shaft, l:. 'Uhe bush . is rigidly fixed into a brass cylinder, L. 1o
facilitate lining up the shaft, !, accurately a ball race, K, is fitted
into the upper end of L. The plate, G, which screws onto L is tlhe
base for the mounting of the fuard ring,4, on its insulators, £,and

the stator,C,on its insulatois,D. ‘he rotor, B,is carried by a brass
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bush, ¥, wiich locates over the drive shaft,li. ‘“he whole unitf is
linked ©To the chassis by che flexible mountings, 1!, which join the
base plate, &, to the anchor plate, J.
The insuletors,D,vere constructed originally of polystyrene -
a good insulator is necessary to maintain the insulation of the input
of the cathode follower stage. Yor the same reasons as for the collector
plate the polystyrene insulators viere subsequently replacea by P.W,7. L.
insulutors.

rield mill electronics

rough calculation showed that the magnitude of the signal to
be amplified would vary between 1 and 400 mv,

The snortage of availavle power made the use of solid state
circuitry an attractive proposition,

After a brief flirtation with an all transistor circuit {"“exas")
which proved too mucii for the autnor's knowledge of elsctronics, a
hybrid circuit was decided upon. UWais consisted of a low dissination
sub-miniature electrometer triode !’E 1404 as a preamplifier followed
by straightforward transistorised audio amplifier. The amplifiexr
circuit is showm in fig. 2.20. The circuitry of the head unit is
mounted on a small piece of veroboard as shown in fig., 2.21 and liniced
to the chassis by two pieces of sponge ruvber, The cathode follovier
circuit is quite standard and nec2ds no explanation. The two supply
volizges were obtained .ro. dry vatieries kept inside the van. Uhe

input signal is passed rrom the ztator oy a lead through one ol the
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insulatoxs. The rotor is maintained at earth potential by an earthed
carbon brush which contacts the rotor's bush.

The potentiometer shovm oetween the head unit and the remainder
of the amplifier acts simply as an attenuator to cut dowm the input
to avoid saturating the amplifier. A preset potentiometer was used
and it served as a gain control.

The amplifier employed had a hign current gein and was insensi-
tive to actual transistor parameters (CHERRY 1963). 4 current feed-
back pair wes used for the first stage. Such a pair fig. 2.22 works
with low (theoretically zero) input resistance and high output resis-
tance., The gain of the pair is given by approximately 33/Rh. This
amplifier was designed to neve a gain of 100 as can be seen from the
ratio 2.2k to 22 L . 'The bias components R,l and 32 were chosen to
suit, according to the theory given by Cherxry. The output consists
of an emitter follower and a transformer coupled rectifying stage.

The large, 10uF, smootiing capacitor served also to supbress rapid
fluctuations of potential gradient. The final output of 0 to -12v
vas displayed on a 0-500 pi meter vith series resistor.

Celibration of field mill

As can be szeen in fig. 2.20 & variable series resistor 5 is
used with a microaJZter to forn a voltmeter., sSefore calibration could
be done the value of this resistor must be set. This was done by
applying the output of a siynal generator at the frequency of the mill,

actually 183 ¢/s, of the amplitude which would just pass undistorted
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through the amplifier. Whe valuc of HV3 was then adjusted to allow
the maximum measurable current)SOO.uA,to flow through the meter.

For easy calibration a plate was constructed which could be
readily fixed over the vanes by insulators attached to the base
plate of".the moving part unit described above. In the photo fig. 2.21
the calibration plate can be seen on the left whilst the holes to which
its insulation pillars are iixzed are clearly visible in the corners
of the mill's base plate. The separation of the calibration plate
and the stator was L.5 cm.

So that the calioration of the instrument could be kept constant
it was decided to instigate & check on each occasion that the mill
vas to be used, This procedure was designed to eliminate drift of
the calibration due to deterioration of batteries. With the calibra-
tion plate in place a voltage of 215v from the power supplies of the
VRE insteiled for Mr, Ogden's e:zperiment, was applied to the plate.
The attenuator gain control W2 wves adjusted, if necessary, to give a
reading of 450 in the absence of any bias voltage.

To check the zero the calibration plate was now earthed and
the bias voltage applied. If necessary, tne set zero potentiometer
W1 was adjusted to give the zero reading of 250. The actual calibra-
tion was performed in two stages: the first, to get a calibration curve
in arvitrery units of potential gradient, and the second, toc t'ix thi:s
calibration curve to an aosolute value of potential gradient.

The curve was obtained by setting the system as described
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above itnen applying voltages to the calibration plate ana noting the
reading. The voltage applied to the jlate g:l:g'an arbitrary unit of
votential gradient es the exposure of the mill on the side of the van
was not known,

This curve was fixed to absolute potential gradient by com-
p;f;ng the ré;diﬂgs ﬁf fhis mill with those of a calibrated mill
mounted in the plane of the earth's surface. The author is indebted
to Dr. K.A. Higazi and lir. R.R. Darsley for their assistance in
providing the standard field mill on the two occasions this procedure

was carried out. <The calibration curve in terms of meter reading

and absolute potential gradient is shown in fig., 2.23.

2.3 IThe Heasurement of Hainfall Amounts

ADKINS (1959) described an instrument to measure the rate of
rainfall, His instrument collected rain in & normal rain geuge and
allowed it to pass througn a nozzle at the apex of the collection cone.
The nozzle vas constructed such that the water left the cone in large
drops of constant size. These drops fell through a wire grid whose
elternate strands were connected together. 1In passing through the
grid the drops make a circuit thus triggering a monostable multi-
vibrator (one shot). The output of this one shot is fed into a iillar
integrator giving a final output suitable for a pen recorder.

The quantity and rate of rainfall can be determined irom one

instrument if a record of volume oi rain against time is taken. 'This
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can be done with apparatus similar to that of Adkins. Instead of
integrating the drop count as Adkins did the drop count itself was
recorded. The arops wmaking the circuit across at grid produce a
signal which actuates an electromagnetic counter.

The cone and drop former

ADKINS (1959) and RAISBECK (1963) constructed their nozzles
from brass with a taper of such dimensions as to be sure that water
viould always bridge the throat of the nozzle. 4An oxide film was
produced to reduce the angle of contact in order to wet the surface
easily. ,

In this investigation a glass tube was tried as a nozzle in
the first instrument produced, the "Mark I"., The use of glass presented
no drawbacks and has the advantage of having a suitable angle of
contact without special treatment.

The cone of the mark I instrument was made of zinc sheet. This
material proved in trials to be too rough especially at the joint
Lo the glazs tube. The roughness caused a good deal of water to
lodge on the surface in light rain; there being an appreciable delay
of some minutes before the suriace became sufficiently wet to function
satisfactorily.

To avoid this serious dravback the mark II instrument employed

ain O' gless filter funnel as cullection cone. The drop former was

produced by drawing the £' fumel outlet into a taper. The taper was

cut at a suitable place to give an outlet of apprroximately the desired
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size. This method of making e hule oi' size which is critical to the
instrument is not as unsatisfactory as it may seem, since the nozzle
has in any case to be calibrated. This procedure of forming the cone
and nozzle from the same piece or glass removes all water holding
joints without introducing any further complications.

The desired drop size can ve viorked out from considerations
of the resolution required i'or normal rates of rainfall with a
restriction imposed by the maximum possible counting rate of the
electronics. Clearly, for accurate resolution, as great a number of
drops as possible snould be counted while the maximum rate of interest
should not saturate the counter or it will be underestimated.

In meteorology rates of rainfall are classified as follows:

Rate mm/hr
a) very lignt ) drops do not completely wet surface
b) light trace < 2.5
¢) moderate 2.54 to 7.6
d) heavy > 7.6

(see for example Glossary of lieteorologzy page 464).

In this investigation a rate of 2.54 mm hr-1 had ito be readily
measurable. For a cone of aperture of the order of 300 cm2 a rate
of 2.5 min hr! would give 1.25 e’ per min. Sufficient resolution
would ve achieved for a count of about 20 drops for this rate. It
can be seen that a drop size of 0.0625 cm5 would achieve this, Such
a drop size would indicate for the maximum counting rate of 3 drops

per second, a rate of rainfail of 22.5 mm hr'1, This limitation is
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ooviously of no practical imporiance.

The nozzlec on thes cone used had an outlet diameter of 2 mm
which resulted in & drop size of 0.0593% cm3 which gave slightly
betiter resolution than required.

Vetermination and constancy of' drop size

Before considering the determination of the drop size, it - -
is necessary to prove its constancy. Drops were allowed to 1all
fron the nozzle onto moving fiiltcr vaper, the grid having been removed.
The water used was stained witn black ink to render the drops visible.
The relative drop sizes were measured by placing tne stain under a
sraticule and counting the number of' squares covered or partially
covered, Since all partiall; coveread squares are counted the area
was overestimated. However, since absolute values were not of interest
in this constancy test, this was not regarded as serious, The reliability
of this counting procedure vas tested by measuring one drov many times
at dif'ferent orientations to the graticule. The 25 measurcments
taken had a mean of 93.84 and standard deviation of 1.76. fThis gives
the 95. confidence interval for a neasurement of the area of this
stain as 93,8k ;. 3.L45 i.e. 93.84 4 3.7¢. It was essumed that the
others would vary similarly meaning that it was 95.. certain that
the measurements are within L., of the true velue.

TFour drops at each of eleven different drop frequencies were
cought, fig. 2.24, and measurecd, vie results showed no serious
variation in drop size. The change in drop size from light to moderate

rates of rainfall amounis to 3.7;. of the mean which is within the
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the estimated error of aeasurement.

Laving established that the arop size was sufficiently constant,
its absolute size was aetermined. 'his wa: done by allowing measured
volumes of vater to fall fron a burette into the collection cone.

The resulting drops were counted with the aid of the electronics
described below. The water was fed from the burette at differing rates
to allow for the slight variction in size with rate. The drop size
vas calculated frou the quotient of the total volume of water passed
and the total number of drops counted. The determination gave a drop

3

size of 0,0595 cem” as hes been mentioned above. The cone and drop

former are shown in fig. 2.250.
Ihe grid

The grid has to be constructed so that alternate wires are
connected together vhile being insulated from their neighbours,
Adjacent wires must be sufficiently close for the drops to be sure
of bridging the gap, but not so close that water will remain to oridge
the gap when the drop hes passed through the grid. The maximum
permissible separation is clea:ly the arop radaius. For 0.0595 cm3
drops the radius is 2.46 mm. Allowing for the finite width of the
grid wires a nominal separation of 0.1"' was adopted. This fairly large
value was uscd to minimise the chance of remnant water bridging the
gap. .

The first grid was constructed from parallel wires of tinned

copper. This grid at first performed satisfactorily, but the electrolysis
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whicin occurred during occasiounal accidential bridging produced a
deposit which eventually impaired its effectiveness.

It was decided to use an inert material for the second grid.
This was constructed similarly from gold wire., However, it was
difficult to maintain sufiicient tension during construction. This
resulted in-a variation in spacing allowing bridging of remnant water
in places and only single wire contact in others.

The final grid, shnovm in 1'ig. 2.25, was made with stainless
steel gewiné needles (diem. 0.5 mm). These vere chosen as being
inert’ electrodes .to. the elecirolysis of water and rigid.

The electronics

The simplest feasible arrangement is shown in fig, 2.26, It
was found to work but not well. The pulses produced by the drops
passing througn the grid werc very ragged; often causing the counter
to register two counts for one drop and occasionally being too short
tp be registered at all, Also the current required to energise the
counter was large enough. to shorten appreciably the life of the
-transistor.

It was decided to use the initial pulse to trigger a one shot
multivibrator. This enables the pulse to be converted into a®clean®
pulse of any desired length.

The maximum counting rate of the electromagnetic counter
availaole was three counvs per sscond. There was, therefore, no point
in designing the one shot to e much faster than this. Yhe pulse

lengtin adopted was about 100 msec given aporoximately by 0.7 RC shovm



‘Fig. 2.26 A simple drop counter
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Fig. 2.27 TElectronics of the rainfall recorder
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in the circuit diagram fig. 2.27/. A potential difference of 12 v had
to ve applied across the grid to enable a drop to trigger the one shot.
Since the counter required a large current it was switched by a relay
wnich, in its turn, was energised by the one shot pulse after suitable
amplification.

Application to subsequent automatic récording

The system proposed (Chapter 10) requires each instrument to
give a voltage output between 0 - 12 volts. This was achieved with
a rotary stepping relay. This is a reley device, in which gach -
action causes a wiper arm to sweep one step round a circle of L8
contacts in the manner of a uniselector. The contacts were wired
onto a resistor chain and the wiper acted as the slider of a2 potenti-
ometer dropping the 12 volts in 48 steps. Vhen the wiper passed from
position 47 to O the output was less than the previous value. tThis
fact vwould be used to in preparing & computor programme so that it

would correct for the lack of continuity of the output see fig. 2.28.

A suggestion for improving the electronics

Since the rainfall recorder was built, the author has become
awvare of magnetic reed reiays. These are new devices which consist
of a reed switch, a pair of magnetically operated contacts mounted
in a hermetically sealed glazs envelope, which, when surrounded by
a coil, forms a miniature relay. Such a relay coil could be wired
in place of the ccllector resistor in a one shot. This teciunique
would allow the amplification stages to be dispensed witi: hence

reducing costs while increasing reliability.
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Fig. 2.29
Drop detection with

‘a photo- transistor
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. vz’.

Fig. 2.30 Dron detection with a photo resistor
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A further tnought on the grid

Using a grid involves dropning drops througn a grid and getting
a ragged pulse which requires amplification while risking the
possibility of remnant water bridging the insulator. Both drawbacks

could be avoided by using a photoelectric device to give a pulse when

a light beam i:s intercepted by a drop. ‘''wo small experiments were
tried along these lines, The first, fig. 2.29,'using a phototransistor
0C71P produced a 4,5v voltage pulse which without amplification is
insufficient to energise a relay., The second, fig. 2.30, employing

a photosensitive resistor and a more precise optical arrangement, was
more promising as an appreciable resistance change was observed.
Hovever, since the grid system previously described functioned
satisfactorily, further development along photoelectric lines was not

undertaken.,

2.4 The Measurement of wind Speed

In oxamining the earlier records it was felt that an indication
of wind speed would nave been useiul. A three cup anemometer vas in
the author's possession having been used in an earlier investigation.
This anemometer wes generator type having a bar magnet rotating in a
plane perpendicular to its axis betwecn two relay coils. In the
earlier work the current induced in coils had been measured with a
sensitive moving coil galvanomecter.

In the van such an oper:.tion would have proved most inconvenient.

It was decided to convert the instrument into a contact anemometer,



40,

This was achieved by mounting a reed switci beside the rotating
magnet. Now whenever the magnetic field direction was parallel.
to the reed the contacts were closed, opening again when ithe field
direction was perpendicular to the reed. Thus two contacts were made
for each revolution of the anemometer affording adequate resolution
for quite low wind speeds. ) o o
The reed switch was wired in series with an electromagnetic
counter the registration of which indicated the run of wind. The
wind speed itself could be computed by differentiation.of the run
of wind. The whole arrangement is shown schematically in fig. 2.31.
Calibration was performed by comparison with a calibrated
meteorological office pattern anemometer whilst the two were operated
side by side on the 4 ft. mast used for the anemometer in the investi-
gation, The author is indebted to lr. K.J. Smith i'or the loan of
the il 0. anemometer. The calibration curve shown in fig. 2.32 shows
that an onset of ~ 1.4 m/s is required to set the anemometer in
motion. However, this was not regarded as a serious drawback in an
instrument measuring a parameter of secondary importance.
In operation the run of wind was observed at 30 sec intervals

calculation giving the mean wind speed over the interval.

2.5 The Power Supplies

There is little oi' physical interest in the system of power

supolies used, so this section vill only give a brief sketch of what
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Fig. 2.31 Contact cup 'a.nemometer
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ves done. Briefly the low currents viere supplied by dry battcries and
the hign currents by chargeable accumulators.

A heavy current durain was made by three items. 7The transverter,
type 24/120T by Valradio, required 6.3 amps at 24 volts D.C. ‘The
field mill motor required 3 amps at 24 volts. The insultator heater:
ran from 1 amp at 12 voltis. <These were sﬁpplied from two pairs of
two 12 volts heavy duty-lead-acid accumulators, Vith such a power
drain (234 watts) it was necessary to have very frequent recharging.

It was cvecided that this could ve best achieved by installing battery
chargers in the van ana plugging tuese into thé mains overnight., In
this way the accumulators were kept in a fully charged state, s it
is also desirable not to switch of'f the Rank aamplifiiers and the V.R.u,
they were run off the meins overnight, whilst the accumulators were
being recharged. 'The state o the elecirolyte was checked from time
to time and topped up when necessary.

That part of tne electronics whici required a stabilised power
supply was fed by a -12 volt supply, stabilised by a Zenner diode,
also tvaken Irom the accumulators,

A1l the low current suppliss the level of which was not
critical were taken from dry batteries of the appropriate value. These
batteries were checked periodically and replaced whenever necessary.

In all the circuit diagrams, the supplies are from dry batteries
with the exception of the -12 v line which is zenner stabilised from

the accumulators.



CHAPYER 3

The Use of the Apparatus

3.1 1the Performance of the Apparatus

j¢1.1 The collector

Occasionally during heavy rain the gap between the cylindrical
walls of tne tray and the guard ring vas bridged by water. “his
resulted in an effective short circuit of the input resistance of
the electrometer. 1The contact potential due to tne different states
of the surfaces became apparant when the resist.nce was so reduced.
Thus the effect on tae electrometer oif' the gap being bridsed by water
was a massive negative deflection.

The trouble was always clearcd by removing the off'ending water
with a piece of adsorbent paper. ‘The trouble could have probably
been eliminated if the tray ana guard ring had had inclined edges
meeting at the apex of an inveried "V". 1In such a system the drops
viould not have been trapped on a vertical wall where they tended to
accumu}ate until a short took place well below the rim of the tray,

NHeither arrangement would have helped in snow in which the
collector was found to be guite useless due to the bridging of the
gap at the rim by snowflakes.

Yor use in snow tne gan vetween the guard ring and the collector
would need to be greater than the é to % incn used. & gap of epout
one inch would have probably been adequate. It was not possible to
alter this dimension withoul rebuilding the apparatus. It vas felt

that the incidence of snow did not Jjustifly such rebuilding.
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ileasurements could have been taken if the guard ring had
been removed altogether. Howvever, it vias not convenient.to remove
and replace the guard ring so no precipitation currents were measured
in snow.
During snow attention was focussed elsewhere, see chapters 7
and 9. T - T

5.1.2 The compensation system

Occasionally it ves necessary to adjust the balance of the
compensation arrangement. At about fortnightly intervals the van was
taken out on a fine day, when the precipitation current was zero, and
the null balance of the prove and plate amplifiers checked and adjusted
if necessary. There were, unfortunately, times when a record had bLeen
taken before the balance was discovered to be in need of adjustment.
On these occasions there was found to e a significant correlation
between the current and the differential of' the potential gradient, as
will be shown in chapter /. (table 4.2).

It has been mentioned in section 2.1 that local space charges
were expected to give a statistical scatter to the results. Such a
scatter was observed before the long 30 sec time constant tvms imposed
on tine difference amplifiers output. On occasions when diesel lorries
passed close to the apparatus il was possible to ses on tne probe and
plate amplifiers a difference in time of arrival of tvhe field change.
Tiie effect was not, however, detectable on the smoothed output of

the difference amplifier.
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On one occasion recording had to be abandoned because the wind
was blowing raindrops onto the probe. This rendered invalid the
assumptions about the prove curreni being only field current. On gll
other recording attempts the umbrella provided sufficient protection.

On a further occasion the probe was set into vibration by a
strong gusty wind. The violent motion set up wha£ viere presum;é_£o N
be piezoelectric currents in the prove circuit. Fortunately these
wind effects were sufficiently rare to be tolerated without redesign
of the apparatus.

3.1.3 The field mill

The calibration procedure described in section 2.2 was perforned
every time the mill was used. bome slight adjustment of the gain and/or
the set-zero control was usually found to be necessary., However,
tests showed that the calibration remained constant over periods of
a few hours. It was not therefore necessary to check the calibration
at the end of every recording weriod.

The only trouble experienced with the mill was a mechanical
failure in the flexible drive, %“his was found to have been due to the
loosening of a threaded linic which was easily rectified.

3¢1.L the rainfall collector

It soon became clear that the operation of the rainfall
collector was not satisfactory. Initially the cone was dry so that
vater entering stayed as drops on the surface until it became almost

entirely wet. At this stage a drop's arrival caused a virtual
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avalanche of water into wvhe drop former. After a few avalanches the
cone was restored to a state of weing nearly drysgain so the process
began again. The record of rainiall coliected was thus a character-
istic of the apparatus as well as the rate of rainfall, No way was
devised of keeping the stalte of the cone's surface the same all the
time. It was eventually decided that the results were not worthy of
inclusion so none have been given.

3.7.5 The anemometer

Originally the anemometer was mounted on the roof of the van.
However, in this position the »Hlate recorded a current which nad a
rapidly varying component. Uhis was clearly a displacement current
due to the motion of the cups. Vhen the anemometer was moved to &
4 ft. stand away from the van the trouble disappeared.

vithin the limits of its calibration (1.4 - 10 ms_1) the
anemometer functioned without problems. Outside these limits the

stand was once blovn dovm!

3.2 Recording Sites

Yhe criteria for a recouding site was that it should be flat
with no trees, telegraph poles, eic. to distort the potential gradient
and that the run of wind should be as far as possible undisturbed.
It had also to be off the road yet readily accessible.

Such a site was found at Sunniside (Ordinance Survey reference

©51365d86). ‘This site is in fact a Durham County Council road gravel
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storage tip. Although adjacent to the road it was found that a
separation of about twenty yards rendered effects of passing vehicles
negligiole.

The Sunniside site was 300 m above mean sea level. Although
higher sites could have been found by travelling further afield it
vas decided that more comparable information could be gathered at a
single station than at an assortment of difterent sites.

The author realised that more measurements actually inside
clouds may have been made if' nmore travelling had been cone, but-felt
that constancy of site was more important in a limited investigation.

Sometimes it was found to be useful to have measurements at
the Cbservetory eitner oefoie or after the Sunniside record to serve
as & comparison., Measurements made at the Observatory must pe treated
with caution if direct comparisons are to be made between sites, This
is because it was not possible at the Ubservatory to take the van
to a place of similar exposure to its position at Sunaniside.

vo other sites, Hamilton How (NZ177405) and Broompark
(Mz245418) were each used once to give low level comparisons with

Sunniside readings.

3.3 The Collection of Data

The proposed system of automatic data collection (chapter 10)
vas not completed so the author had to rely on visual recording. At

half minute intervals readings were entered on a duplicated recoxrd
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sheet. The long time constants of the outputs allowed cech reading
to be checked after its entry.

Altnough this method vas most laborious there was the compense-
tion of immediate fault detection. ¥his allowed a fault, such as
wafgr bridging the collector pap, to be rectified without any great
loss in recording time.

The recording was normally continued until the precipitation
ceased or until a steady state had veen recoided for 30 min. In the
latier case the van was moved to a different level and recording
recommenced in the hope of finding information about the vertical

electrical proiile.

3.4 Collection of Meteorological Information

The University Observatory lreeps records of the usual
meteorclogical parameters, 4the values of any parameter needed vwas
taken from the Observatory's records.

The general weather situationh on & wider scale was found by

examination of the Daily w.eather Keport.
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CHAPIER L4
Results

4.1 Obtaining Absolute Values Irom the Raw Data

It was intended that the University's Elliot 803 computer be
used to verform the caliculations for the date analysis. It was
unnecessary to consult the calibration curves in producing data tapes
for the computer as the computer could also perform this task.

The raw data consisted of meter readings for potential gradient
and precipitation current and an integer from O to 999to represent
the run of wind. %The values of potential gradient and precipitation
current wvere found by direct ref'eience to the calibration curves.
The wind speed was found by calculation of the count in a % minute
interval by subtraction of successive readings then reference 1o the
calibration curve.

The calibration curvez were iitted to third degree polynomials
using a library nrogram which is described by FORSYIHE (1957). (The
abbreviated spelling "program®" nas become accepted wilh reference
to computers so is adopted hexe).

There is little to be gained by giving the full programs used.
¥ach was written in itne Autocode languapge which is too snecialised
to describe without lengthy explanations. The programs written by
the author wili bpe described with relerence to what they did rather
than nov they did it.

The raw data were punched onto paper tape by the secretarial

staff of the computer unit, {o whom the author is indebted. =ach
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tapc vwas headed by a number code defining tihe record number, the
date, starting time and finishing time. ‘here blanks occurred in
the record of any parameter a code symbol was punched so that the
computer would recognize the blank.

The "absolute values irom raw date program” read in the raw
data and produced, by evaluation of the anpropriate poiynomial, an
output of the absolute values for each parameter. ihere the code
symbols were encountered they vere reproduced on tie output tare,
Thus the output tape was suitable for direct entry as a data tape
for subsequent programs. Wo elinminate the possibility of confusion
the number code was reproduced at the head of each qutput tape.

At the end of each record a summary of the data was produced
giving the mean, standard deviation and number of observations of each
parameter. Table ).1 vas compiled from these data summaries but does

not give all the information contained on the summaries.

4.2 Simulated Charts

¥/ith the records having becen taken by hand there was no chart
available for visual inspection. This was regarded as a drawback as
inspection of charts can often give birth to ideas for analysis which
are not ayparent from lists of numvers. &s the vork involved in
plotting the resulis by hand woula have been very tedious it was
acciaed to get the compuier to perform the task.

Yhe teleprinter used had a carriage width of 69 characters so

no great resolution was possible. Iowever, as the chart was only
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required for a visual aid, froa which no measurements were to be
taken, a high degree of resolution was guite unnecessary,

The progra.n read in tapes of absolute velues. i'or each parameter
the ratio of the velue to the full scale deflection was calculated.
A number of spaces proportional to the ratio were punched on the out-
put tape before a character ¥,-I or Vi to signify potential gradient,
precipitation current or wind specd., Allowance was made ior F and
I being centre zero functions. After each set of F; I and !/ a new
line was output signifying 30 seconds of time, After every 20 sets
(10 minutes record) zero markers were printed on the chart to aid
examination,

After the simulated charts had been printed out the like symbols
were joined with coloured ink lines so producing charts which served

as valuavle visual aids.

4.3 Pair Sorting

Before detailed analysis of correlation coefficients could begin
it was necessary to produce tapes viith data in the pairs required.
The original absolute values tapes could not be used because of the
interference of the third paremeter. A separate program.was,therefore,
written to sort the date into the pairs required.

The pair sorting progran read the data in sets and punched out
on the output tapes the required pairs if complete. (Often there
were blanks so that only onc half of the pair appeared on the awsolute

values tape). The computer punched two outputs one on each of itis
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output chanu:els with the two sets of pairs required I, ¥ and I, V.

To test for the effect on the precipitation current of dis-
placement current it was necessary to have pairs of %—E and I, GSince
the time intervals were constant a correlation test of F(t)-1#(t-30) =
AF vith I was all that was necessary.

A small modification of the program allowed it to give an out-

put of pairs of AF and I.

L.4 Correlation Coefficients

The basis of the analyses performed was the correlation coefficient,
A program to compute this coeificient was written.

The program read in the tapes of pairs and formed the sum and
sum of scuaresof each parameter together with the sum of the product
of the pairs. Vhen all the pairs had oeen read the final calculation
was performed yielding the mean and standard deviations of each
parameter together with the correlation coei'ficient. The mean and
standard deviation were not necessarily the same as those produced
in the initial data summary because of the blanks having reduced the
data which was formed into pairs. liowever, the difference was never
appreciable,

The results of the correlation coefiicient computations are

given in table 4.2.

t.5 Regression Coefficients
1OAGAN (1960) has described how the best straight line must be



CORRELATION COEFFICIENTS

Record Number F -1 AF -1 I-V
2.0 -0.087 -0.006 -
2.1 0.359 0.355 -
3.0 . . .__ 0.157 0.929 * -
4.0 0.124 0.821 ## -
6.0 0.146 0.720 ** -0.099
7.0 -0.054 -0.039 -0.015
7.1 -0.051 0.327 -
8.0 0.155 -0.442 0.189
9.0 -0.304 -0.179 0.115

10.0 0.191 ~0.177 0.117
11.0 0.731 * -0,075 ~0.465
13,0 0.138 0.607 -
13,1 0.671 -0.223 -
14.0 0.060 -0.063 -
15.0 - 0.163 0.323 -
16.0 0.395 0.760 * -
17.0 0.400 0,021 0.412
18.0 ~0.737 0.114 -0.200
19.0 0.541 » 0.114 -0.121
20.0 -0.435 0,533 -

* denotes coefficient significant at 95% level
** denotes coefficient significant at 99.5% level

Table 4.2




52-

calculated from pairs of data (x,y) when both x and y are subject to

error, The slope, ¢, of the line

y -3 X=X
o = C o L, 1
N4 X

lies between the slopes of the regression lines of x on y and y on x,
the actdal fglue of the slope depends upon tne correlation coefficient
of x and y ana a parameter k vhicir is related to the relative errors
in x and y. Figure 5.3 in the next chapter shows how sensitive tne
slope is to the relative error of x and y. The figure shows the
slope varying from that of the regression of y on x (when x is free
from error) to that of x on ¥y (when y is free from error).
. €x , ©

The relative error is +talen as EZ-/ 5% wthere e denotes the actual
error and o the standard deviation. ;ow Tor precipitation current
and potential gradient,since o and o,, vary considerably from record
to record, the relative error ratio cannot £e taken as a constant. The
errors eI and ey were taken as 0.25 x the range of the plate current
amplif'ier and 2.75 v/m. T'hese measurements both correspond to the
minimum resolution of the output meters. The relative error is thus
D=1 ci/ob. Using thz method of 1iORGAN (1960) the slope ¢ was

calculated., Table 4.3 shows the resulis of' the calculations. The

regression coefficients a and b of the equation

I = a + bF I-!-l 2
are also shown in table L.3 having been calculated from a transforma-

tion of equation 4.1 in terms of F and I for x and y.



a I =a + bF
Record No. D=""% k c 11 L | Place  Notes
a x 10 p x 10t
2.0 1.725 1.42 - - - 0
2.1 0.71 0.71 0.82 - 2.6 0.053 S
3.0 1,58 1.37 1.46 - 17.3 0.210 S
4,0 -1:803 1.07  1.08- -} 8.0 0.108 s *
. 6.0 0.988 0.99 0.95 6.06 0.085 S *
7.0 2.93 1.66 - - - S
7.1 0.956 0.96 - - - S
8.0 1.275 1.22 1.21 9.2 0.140 S
9.0 0.25 0.25 0.53 0.54 - 0.012 s
10.0 0.534 0.53 0.67 - 1.35 0.032 S
11.0 0.592 0.59 0.89 - 3.3 0.034 S
13.0 4.77 1.79 2,46 - 40.6 1.060 B
13.1 0.238 0.24 0.69 - 0.48 0.015 S
14,0 0.732 0.73 - - - S
15.0 1.00 1,00 - 1,00 4.54 - 0.091 o p
16.0 1.84 1.46 1,33 - 2.0 0.222 o p*
17.0 1.72 1.42 1.30 5.8 0.208 S
18.0 4.91 1.80 - 1.26 48.4 - 0,560 S
19.0 2,2 1,55 1.31 - 17.1 ' 0.262 S
20,0 1.63 1.39 - 1.26 12,3 - 0.187 H
Plak vovos oceccur wlere c o  mdslimucdble womg MoLGAN 1960

Symbols and abbreviations

0 - Observatory

S - Sunniside

Table 4,3

B - Broompark

* - significant correlation with displacement current,

H - Hamilton Row

p - precipitation current not compensated for field currents.
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rig. h.1 shows plotted alil the resression lines of comparable
recoras taken at Sunniside., 7The records vhich hed a correlation
coefficient at 95. between AT and I viere not included as these were
those with appreciable displacement currents., It is quite clear that
these lines do not conform closely to any one model regression line,
This disturbing situation is enlarged upon in chapter five where _the
relation between precipitation current and field is examined in full.

The broken line in fig. 4.1 is the regression line computed from
the centres of gravity of each record weighted according to the
number of ovservations in the record. Although not much importance
can be attached to a line representing such a widely scattered set
of data it is encouraging that the line computed is of' the same form
as the accepted line, 'The regression equation is

I-1.76x 101" - 0.0405F x 10~ 1 a2

L. 6 Effective Number of Observations

It is essential in the use of standard elementary statistical
tests that the observations be independent. Observations are said
to be independent if the seloction of one observation from the popula-
tion does not bias the chence, for or against, of selection of any
other for inclusion in the sample. In records of atmospheric
phenomena a2 "memory" is often observed. If the time intervals between
observations are less than this memory then the observations cannot

be independent. In such a situation the effective number of



Fig. 4.1

Regression lines of comparable records
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independent observations is less than the actual number of non-
independent observations which would cause errors tc be underestimated.
Such under-estimation could very easily lead to erroneous conclusions
concerning the significance of' observed differences.

A record can be said to have a memory if there exists a signifi-
cant autocorrclation coefficient (se¢ section 5.2). The duration
of the memory can be esti.ated using the method of AWE (1964) who
defined an autocorrelation length or interval, L, to be the interval
of time withiﬁ vihich there exisis correlation between the members of
a time series, lairs of values which are separated by an intervel
greater than L are cleariy uncorrelated and therefore independent.
Avie vas able to show that L = rz(k) dk over the central maximum of
the correlogram of r(k) against k; r(k) is the autocorrelation coef-
ficieﬂt of the time series ©(t) with £(t4k). The integral must be
{ound numerically.

A much simpler method (COLLIN, GROOM and HIGAZI 1966) is to talke
the correlation interval to be that lag whicen first gives a value
of r(k) which is not significantly different from zero at the 95.
level of significance. Although this method has little theoretical
justification it has been found to give good agreement with Awe's L.

Once the autocorrelation interval is known the effective number
of observations can be calculated by aividing the actual number of
observabions by the autocorrslation interval.

In the vresent investigation tiie records were not long enough

to ovtain a reliable estimate of 1. However, the results of COLLIN
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(private comnmunication) show thot the autocorrelation length, calculated

on the significance basis, in conditions of steady rainfall is between

L and 2} minutes, the actual distribution is shovm in fig. 4.2. Now

clearly the vest estimate of L is the shortest: since it is only

during rapidly varying conditions thot the true memory will menifest

itself without being exaggerated by the existence of steady conditions.
The value for L of 5 minules hus been adopted in this investiga~-

tion on the basis of Collin's resulis., All the significance tests

have been conducted on the basis of the effective number of observa-

tions being one tenth of the actuwal number.



10

. . . ar, .... .
Fig. 4/2 Distribution of correlation intervals
during continuous -rain; from COLLIN



CH.APTER 5

- Trace wam - Yeme

Eradient

5.1 Introduction

The most obvious relation for the early workers in precipita-
tion electricity to look for was one between their primary parameters,
precipitation current densily and potentisl gredient. ELSYER and
GEITEL (1888) and BENDORF (1910) found the current density to be
directly proportional to minus the potential gradient, fig. 5.1.
The term "inverse relation® has been accepted for this relation.
(It should be noted, as is pointed out by CHALMERS (1965), that this
is not a good description. An inverse relation would normally be
interpreted as meaning thnai a parameter is directly proportional to
the reciprocal of another., This is, however, a case where accepted
usage outweighs precision of iterminology). SIMHSON (1909) obtained
results which showed during rain an excess of negaiive potential
gradient coupled with positive precipit..tion charge.

Since these early revoris a very large number of viorkers have
found evidence of the inverse relation. SCRASE (1938) measuring
the charge per unit volume of rain found the inverse reclation to
be operative over long periods of continuous recordiag. XOTO (1939)
recorded opposite signs for nrecipitation charge and potenvial
gradient in 85 of his 622 recording intervels. CHALMERS and LIT'MLE

(1940) found positive rain currents and negative notential gradients



Mg, 8.1 The inverse relation.
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during a long period oi' continuous rain.

The single drop observations of HUYCHILS0. and CHALIZIRS (1951)
confirm the existence oi' the inverse relation. So also do the
observations of BANERJT and LZLE (1952) mede with their ingenious
drop catching and recording system. AGONO, ORIKASA and ORKABE
(1':157) observed the relation for individual snowilakes as well &s
raindrops.

llountain top measurements of LLUETTNER (1950) on the Zugspitze,
REYNOLDS (1954) in New liexico and REIVER (1965) in the Alps all
showed the inverse relation to exist for solid and liguid precipita-
tion.

When the electrical conditions are steady the inverse relation
is very strong as has been found by SIHPSON (1949), SIVARAILAKRISHNAN
(1957) and RAMSAY and CHALIE:S (1960).

On the other hand, SCHASE (1938), in the same investigation,
as quoted above, noted that there is no evidence for the inverse
relation in stormy conditions. This is confirmed by the single drop
measurements of GUNN and DEVII (1953). Reiter, in the Alpine work
quoted, found not an inverse, but a direct relation between the
precipitation from very ligut shovers and potential gradient. He
also found a similar relation for very lignt precipitation: from
alto stratus cloud. Ramsay and Chalmers point out that the inverse
relation is much more predominant in winier than in suwamer,

Scrase in his 193¢ paner interprets the inverse relation by

supposing that there is some process which gives a cherge, usuvally
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positive, to the rain. ‘he opposite charge remains in the cloud,
or air below, and produces 2 potential gracient at the ground viith
sign opoosite to that of the rain.

The inverse relation described is not an exact functional
relation but a statistical relation found to occur in most conditionc.
Eowvever, an eff'ect has been found to occur in changing conditions
vhich results in an exact relation. This effect observed by
SIIPSON (1949), known as the mirror image effect, is said to occur
vhen the records of current and potential gradient wiith time appear
to be mirror images in the time axis of each other, The observa-
tions of the mirror imase effect by SIVARAIAIRISHNAN (1957) led him
to the same conclusions as Simpson had reached, namel; that since
the potential gradient and current change sipgn simultaneously, then
the chgrge separation aust telie place close to the ground.

However, the observations of RAMSAY and CHALIERS (1960),
shov.ed that there could be quite considerable time lags in an
otherwise normal mirror image erfect. OSuch a lag in phase of current
pehind potentiai gradient, observed by OGAGA (1960), to be some-
times a. much asz d minutes, suggestaz that the charge separation is
not always close to the ground.

OOLABY and CHALIERS (1965) calculated the cross correlstion
coef'ficients between precipitation current and potential gradient
records taken in mainly nimbo stratus rain. Their correlation

diagrams, shovm in OWOLABI (1965), showed that in generel the
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meximum c¢ross correlation coei'ficient, Pc, occurred for some non-
zero lag, k, of precipitation current behind potential gradient.

'he reason for there veing a lag (or lead) between precipita-
tion current and potential gredient has been discussed by CHullikRS
(1965) for different conditions oi' develozing or moving cloud
systems in the presence or absence of point discharge currents.
Chalmers points out that the period of lag is not only dependent
upon the electrical state of the cloud, but also uvon otner para-
meters., The height of the cloud togetier with the raindrop size
controls the time ol fall of the rain. This time along witn the
wind sheer influences the lag.

the fact that the inverse relation is 30 well documented and
readily explained leads one to wonder why it is cuite of'ten not
observed even in non-stormy condiiions. RalSAY (1960), REITER
(1965) and the curreni worl: have alil found instances where the
relation is not in evidence.

Since the inverse relation is observed as a statistical relation

it is desirable to condéuct the enquiry froa a statistical view-point.

5.2 Statistical werminology

It is not the purpose of this section to give a orief
statistical text book. It is, however, necessary lo clarify the
meaning of' statistical lerms used znd o sct out a consistent scheme
of notation. The scheme of notation adopted is chosen for its

relevance to this ‘thesis and will not always coincide with accepted
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statistical practice. shis iu wwvoidabie as current pructice does
not give an all-embracin: scheme and so leads to a.oiguities in
notation,

Ine correlation coefiicientc, f, iz used tec give a standardiscd
measure of the extent of the ascociation between two parameters,
say x and y. If n pairs of data are collected of the form (xi ,yi)

then the correlation coei'f’icients is defined as

i (“g,"' %)(y:- 5)

s r(::, 5) = :L:| e )
/ Z("t—i)’ Z (3&'.'7)‘} ,‘

oS!

This expression can also be written as

covariance (:,y)
— 3T
[va.riance &) variance (y)}2

hen a parameter, x(t), varies witn time there is said to be
a time series. Wwith a time series .here is always some persistence,
If the persistence is of less duration than the interval between
observations it is of' no consequence. However, if this is not thne

: . . ath . " "
case tnen the observation taken a2t tane (i 4+ 1) instant of time

» r 'y + e 4. " Lh 3 m 2

will be aifected by that talken at the i instant, There is thus
a dependence oi" each observation upon ine previous. The persistence
can be measured by the autocorreiation coefficient whicn is aefined
es

fk = r{z{t), x(t-k))
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How the auto correlation coefficient fl: will depend upon the
value of the lag, k, wnich is telen. The extent of persistence will
be indicated by the ovehaviour of /‘k with k. Yor high persistence
Pl: will be larger for a particular value of k than it would be for
low persistence,

t is of interest tc consider a perticular non-oseillatory
type of variation. If the first auto correlation coefficient is /1

then the observations will be of the form

X.
i41

= Pyx vy
i.e. each observation is composed of a part of the last observation,
depending upon the persistence, and a random component €. It can

also be written that

~ -

Tioe 2 ='/o‘l"'i+‘| €5 .2
Combining

*5 .2 ”fE 5L a1t 2
Now the last two terms, being random, are independent of x; so
they will sum to z ero over the whole series. Hence second auto
correlation coefficient f2 between x, and x, .2 is f? . It can

similarly be shovm that K

L =i
A correlograia shows the variation of /’k with k and clearly in
tuis case wiil be a decaying pover series oun eithor side of the
maximum at k = O where cleo.rly/°o = r(x(t),x(t)) = 1. g 5.2

snows two artiiicially generated time series with the same random



Fig. 5.2 Time series with long and short memories with their
correlograms °’ : -

T
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components having hizgh, 4, and low, 3, porsisteoncos togetaer with
their theoretical correlograus.

vhe idea of auto correlation vetween a series and itself can
be extended to yield the cross correlation coeif'f'icient between tvio
series. The cross correlation coeificient for = lag of k petween

tne series x(%) and y(y; is cefined as

B = w((t), y(t-k))

Note that the instantaneous cross correlation coefficient it = r(x(t),
y(t))::/o. A cross correlogran of R vs k would show a mazimum
association at some, in general non-zero, value of k falling off

on either side.

If the tine series x(t; and y(t) have periodicity then the
correlograms for auto- and cross-correlation will also exhibit
periodicity.

It is useful at this stage to introduce a well lmown statistical
relation between the correlation coeificient and slone of the
linear regression equation for a set of pairs of observations of
the form (xi, yi).

By the viell knovm metiiod of least squares tne coefficients of

the linear regression equation

are piven by

. Z - %) y:~5) cov(>,y)
T 5 (e-m)? Var Ge )

]

G

2
®
it
<1
'
-
tAl
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Ilow the correlation coei'ficient of x and y is given by

| Z(=i-=)Ngi-g) cov (3, 4)
{tha-a-f bAST -9)j"‘ [ vas () wey)]e @

It can be deduced by inspection of (1) and (2) that

. oY T 5
b=/ vewr (x) =/ = (3)

Hence the behaviour of ine clope of the linear regrecsion line can

ve exa.ined by considering the behaviour of the correlation coefiicient.
It is convenient to do this as the latter does not devend upon

the units of x or y, veing a dimensionless quantity,

It is clear from the worl: cited above, particularly (wolabi's,
that the effect of a lag between current and potential gradient will
be toc reduce the value of the correlation coefficient, (Rk >L)
and so the slope of the regression line.

Of the infinite number oi' cross correlation coei'ficients only
the ma:imua Rk is unaffected by the non-electrical factors vhich
determine k. It vwould, therefore, seem that tne most fundamenial

coeificient to consider wvould be IE,

Now previous workers have all used the coeff'icient Ro../°,
either actuaily or implieiily, 45 in general all the results
will have been taken under different lags, comparison of one

rerression equetion witu another cannot be as valid as it would
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appear unless the lag is imovn.
It is important to find out by how much R0 and Rk differ, It
is only possible to analyse theoretically very simple cases., ‘That

follows is an analysis of an idealised situation.

5.3 Analysis of a cpecial Case

RAlISAY (1960) observed periods of almost sinusoidal variations
of current and potential gradient, The analysis wi’l be made of
the case where the potential gradient and curreni very sinusoidally
with the current lagging by a phase angle ¢ . It should ve noted
that this is not an attemnt to bhuild e physical model. It is an
attempt to make a mathematical model of the idealisation of experi-
mental results.

The potential gradient, ¥, seen by a ground observer is supposed
to vary with time as ¥(@) = F 4 £ sin ©. ‘ihere f is the amplitude
of the poteniial gradient excursion fronm the mean ¥, and © is the
time dependent pnase angle of the oscillation. The precipitation
current density, j(©) is supposed to be functionally related to
F(6 -@) i.e. lagging in phase benind ¥(8) by¢ .

i.e. i(0) = c(F(e -¢) ')
vhere ¢ ana ¢' are constants. (c will be negative for the inverse

reletion). Substituting for ¥(6 -¢@)

i(8) =c (¥ + £ sin (9 -P) - ¢') (&)

s () i +c £sin (6.-¢)
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It should be noted that the ccse under considerztion is a
vorm of the mirror image eiiect since the valuos of the p2rameters
arc changing with time.

MNow the relation is not as precise as has been taken hut

C10%%
.](9) and I‘(G ¢) are agsociated with e./correJ.a'l.:Lon coeificient Rk
tiowr using the notation of section 5
cov_(ji(e), ¥(6))

o i (oF 3

= r(j(e), ®(8)) =

and

cov (3(5), (6)) - fiw)_af)_(_r_@m_

o
(i(8)=-3)(r(9)-F) av =f cf sin (6 -@) f sin 0 do integrating
[¢]

over one cycle.

cf? fZT sin (0 -¢) sin 6 40

7T
. 2 . .
cf‘z { co.:f/ £in'@ do - s:.n" sin © cos © dO]
o
0f2 T CO-: o
So .__szﬂ;‘?os -
" f = o, 0. fds
J°F
iiov tie serial correlation coeiiicient, R, , for maximum association,
a4

which can be called R, , is given by
kg = r(i(e + @), #(6))
Jie 1) - D) - )

o0y f a9
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On substitution of

j(e :¢)

and ¥(e)

j +cf sin [(94‘) -¢J

E‘.:.fsing

the numerator becomes for

2
(cf sin O©)(f sin ©) 40

o . er .
- cfzf sin%6 49 = ofm
(o]

integration over one cycle

So

N

5.4 Discussion

liorgan (1960) has shown how the
equation can be calculated when both
error. His d.emonstra.uion shows that

errors of x and y,q J D is less

coefficients of a regression
the variables are subject to
if the ratio of the relative

than unity the slope of the

Sy

line obtained will be less thon that when D = 1. Also if D is

greater than unity tie slope is greater than the D = 1 case. Fig.

5.3 from liorgans paper shovs this veriation in slope.
tlow the effect of iforgan's ideas can be examined. The slope

of the true regression line, as can be seen in fig. 5.3, must always

be greater (in magnitude) than, or equal to, the slope of the

Thus

rerression of y on x. (That wnich assumes x free from error).

the relation (3) can ve reforamlated as

a
b;/%

.



: Pig. 5.3 ’Lines of best Tit for
N - MORGAN (1960)-
- ‘\. ) .

j) = 0.5 fronm
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and the conclusions of the previous section lose no generality for
the change. (Clearly the actual value of the slope is changed by
liorgan's considerations but the correlation coefficients will still
bear the same relation to each other).

Now from this result some tentutive conclusions can ve made
to assecs the importance of the ideas given above, using the results
of workers vho report lags in the mirror image seffect.

RaMiSAY (1960) reports the lags of about a quarter of a period
during approximately sinusoidal variations. This, of' course, gives
a value of-"/2 for qb which gives zero for the correlation coefficient
even if' the association is perfect. So it can ve seen that from
(3) the estimate of regression coefficient b will yield zero,

0GAwA (1960) found phase lags to occur in the mirror image
eliect on 23 occasions out of 129; of the rest 60 were classified
as indistinct and 46 as having zero lag. Although not specifically
stated, it appears that the indistinct classification refers to
those cases with a lag of less than 1 min., The average duration
of a sign, that is to say, a half' period, Ogawa found to be 17 mins.
for the cases where there was a def-nite lap. The lags observed
were i'ron 1 to 4 min. giving ¢ values of F/ i7 to &T/'i?'. Such
values of ¢ vould cause A and R¢ to differ by a factor of from
0.95 to 0.067. Taking the 60 indistinct cases as being of lag %
;in. the facior becomes 0.99 which is not scricus.

Now if the author is correct in assuming the coefficient of

greatest importance to be that azsociated with maximum association,
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the consequences of lags aie occacionally serious. It has veen

shown that on occasions ror iamsay's und Ugevia's resulis that the

regression slove for the instantancouu f‘éﬁif reduces to almost

zero pecause of the lag. It vioulda scem then that there is a way

of explaining vy the inverse relation is not alvays in evidence,

A5 soon as there is a lag wirich is of the order of a guarcer period

of the variation the instantaneous pairing (j(0), {6)) will not

show any association. Jor even greater lags the assoéiation

(j(8), F(8)) would be of the ouposite sense to the inverse relation.
All the viork witich has discussed the reasons for there being

" any lag has attributed it to time of fall of precipitation combined

with the delaying etfect of wvind shear. It is clear that in pre-

cipitation from high cléuds the -Hossibility of lag will be greater.

This will naturaily account for the observations that the inverse

relation is less prominent in surmer. Also the observation by

REITER (1965) of a direct relation with precipitation from alto

stratus could be easily accounted for by a lag of half a period.

5.5 PYhysical Conditions for the liodels Validity

Unfortunately there is insuificient data at hand for a more
quantitative look at the wrovlem of the non-appearance of the
inverse relation.

It would be useful exzercise to point out what would be necessary
to give a physical backing to the mathematical model vhica has been

erected,
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It would clearly firct be necess.ry to justify equation (4)

vwhich was: i(8) = c{¥o -¢@) -c').

The precipitation cnarge is assumed to be separated at one specific
level, sa;, by melting. The precivitation current at the charging
level is assumed to cepend unon tne poteniial gradient at that
level. If no furiher charge separation takes place the current vill
not vary uitn heipht so that the current can pe expressed as

i(e) = a(¥'(e - @) - B)
where I'' is the potential gradient vhich prevailed in the cloud
when the charge separation responsible for j took place. & ang 3
are constants assccliated vith tne cherging process. It is now
assumed that ' in lhe cloud is linearly related to F at the ground.
(*hey will certainly not ve the same vecaute of the space charge
on t.ue precipitation). So by adjustment oi the constants A and

B to facilitate this change equation 4 is ovtained.

5.6 Jurther Discussion

Novw in generali the variation in the cloud would not give rise
to a sinusoidal pattera. however, it would always, in principle
at least, be possible to perform the analysis on a series of
sinusoidal Fourier components.

The above account imnlicitly assumes that the rain all falls
at the same velocity. In oractice, there is a spread in the spectiruun
of raindrov sizes. iig. 5.4 shows two such spectra plotted from

BEST's (1950) relation
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Fig. 5.4 RaindroI; size spectra for differing rates
. of rainfall ° - o

’
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G = 1-em (- opf)?
vhere G is the fraction of liquid water comjosed of diameter drops
of less than x mm falling ot a rate of p mm T, oL, B ana
n ae constants the average values o1 which were experimentally
deternined. Such a spread of size lead, directly to a spread of
terninal velocities,

To attempt an analysis oi' a model whicn is close to the
physical situation involves the immense complication of a multinle
summation over a drop sisze speclrum, which varies with rainfall
rate, and a set of Fourier components.

The author would not suggesi that this be done having himself
been baulked by the complexity of the problem. 4 constructive
suggestion the author would make is thal the cross-correlation
analysis be attempted to find the lag for ma.;imum association. ULucn
is desirable as it will only ve posrivle to determine the lag by
visual inspection of records when the mirror image is very pronounced.

Once this maximum coefficiont oi association is known the
physically more meaningful regression lines can be derived§ with
confidence that a freak lag will not reduce the signif'icance of
a "iagging association®™ to a low level.

The avove model would reguire for the steady state a Iourier
analysis. However, it is possiovle 1o consider the effects of lag
ifor such a situetion without such compiications.

Suppose that both records are randomly varying time series

vhich are correlated at = lag k with a cross correlation coefficient
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of Rk.

Kow for lags, i, grecier and less than k, R& will fall off
with |i-k] . A cross correiation diagram, like Owolabi's, can be
dravm. Uhe sharpness of' the peak of the diagram will depend upon
the auto correlation of the two series, If the series have a long
"memory" (COLLIN, GROOM and )IGA%I, (1966)) then the cross-correla-
tion coefficient diagrana will have a broad maximum, Thus if the
lag is of the same oirder as ihe memory the instantaneous comparison
will yield a strong association., while if the memory is short
compared viitn the lag the instantaneous comparison will be between

twvo uncorrelated series so the association will be weak.
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CHAPIER 6
Further Discussion

6.1 ‘"Lissajcus Plots®

Ii* the mirror image effect is not obviously apparent in a
record the duration of a lag or lead cannot be estimated by insvection.
If also the data are insufficient for reliaole :::; correlation
analysis then some other vay of establishing the existance of a lag
or lead must be found.

In consideration of the effect of lag or lead in his records
RAIiSAY (1960) noted if consecutive points on the scatter diagrams
of I and ¥ were joined a lrind oi' Lissajous i'igure was f'ormed. Ramsay
obtained ellipses with botn cloclwise and anticlockwise rotations
for records witn well defined mirror image effects. These "Lissajous
plots® are interpreted by considering the intervals belween the
maxima of the current-time and the potential gradient-time records.
(The-maﬁimum potential gradient is here taken as being the negative
peak). Fig. 6.1 shows threc ideal cases of (i) there being a lead
of F's maxima before that of I; (ii) there being no lag or lead
between the maxima and (iii) there being a lag of ¥ behind I. In the
absence of a welil defined constant la;; the Lissajous plot will not
show & regular geometrical shape. However, if there is a definite,
although not necessarily constant, lag or lead the plot will have a
tendency to either clockwise or anticlockwise rotation.

Lissajous plots or records 3.0 and 4.0 are suown in fig. 6. 2.

Both records ciearly snow a clockwise rotation. However, the examples
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Fig. 6.1 Three casos of Lissajous plots -
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Vi ',.Fig..6.2 Lissajous plotc with cloékwisg rototion
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were chosen for their clarity; in most plots there was no ouvious
trend towards clockwise or anticlockwise rotation. It was thought
to be desirable to produce some quantitative measure of the rotation’
pref'erably one to which a test of' significance could be applied.

If the line joining consecutive pairs of points was considered
as a vector then the total moment about the centre of gravity of
the scatter diagra.a would ;ive a measure of the rotation. However,
the centre of gravity is the mean over the whole distribution, so
would not be stationary as the rccord progressed; its position would
change as each new point was entered. This difficulty could only
be overcome if the moments were teken about a moving centre of
gravity., Such a procedure wvould lead to computational difficulties
so it was not attempted.

Tho procedure adopted was very much simplified. Yach three
consecutive points were considered es defining a change o1 direction
in either a clockwise or anticloclnrise sense. The case of all three
points being on one straight line was considered neutral, as was the
trivial case where two successive points had the same position. -The
ratio of the number of clockwise turns to the total number of non-
neutral turns gave a measure of the extent of the clockwise rotation
in the record. 4 value lecs than 0.b clearly indicated an anti-
clockwise rotation.

his measure of rotation is not all that might be desired as
it in no way takes into account the extent of the turns. However,

it was felt that in longish records errors would probably cancol
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themselves out. The ratio proved convenient to handle and a
significance test was gquite easily made as will be shovm later.

A qualitative discussion of sinusoida. variation is sufficient
to show that the turning ratio gives a measure of the lag or lead.

If there is no lag or lead then the Lissajous plot will be of the
form of case (ii) in fig. 6.1. ‘“hether a turn is clockwise or
anticlockwise is determined by chance alone, If there is a slight
lead in }* before I the plot takes the foru of narrow clockwise ellipse
as in case (i) of fig. 6.1. In this case each tum will be cloclwise
unless the random component causes reversal. However, over the
record the random effects will be uniform so & ratio greater than
0.5 is obtained, Now if the lead of F becomes greater the ellipse
becomes less narrov and so the turns become even more pronounced

in a clockwise sense. It is thus less likely that the random
components will be able to reverse tne turn. Hence tne value of the
ratio will be greater. It is thus apparent that the greater tae
lead then the greater will be the ratio.

In this sinusoidal case the greatest ratio wiil occur vhen the
lead is m/2. For grester leads the ellipse narrows from the circular
case at /2 allowing the rando: efects to increase proportionately.
Difficulty is encountered vitih any analysis when the lead or lag
is greater than 7/2 for the situetion becomes ambiguous. Outsiae
the theoretical periodic cases Lhe problewm of ambiguity seldom arises.
It must be noted that if and when it does arise there is no direct

way of resolution.
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In fig. 6.3 the procedure 7or Getermining the directions of
the turns is given. The three consecutive points are (xi,y1),
(x2,y2), (x3,y3). In essence tne process is to transform the axes
so that the origin becomes xz,yz) and the point (x1,y1) lies on
the negative x-axis of the new axes .Y, Now if p is above the new
A-axis (positive) an anticlockwise turn has been mede in going from
(x1,y1), (x2,y2) to (x ,yﬁ). If p is below the new A-sxis {negative)
a clockwise turm has bzen made,

& program was written to calculate the value of p and to count
the number of times it was <0, >0 and =0. Precautions had to be
built into the program to allow for the trivial neutral points, For
each record the number of neutral, My clockwise, n,s and anticlock-
wise, ngs turns was calculated together with the ratio nc/nc+na.

The significance test was devised from calculating the
probavility of getting tie particular ratio obtained or a more clock-
wise one, on ithe basis of cnance alone. This is done very simply as
the distribution of the number oif clockwise and anticlockwise turns
is Binomial. If chance alone operates the probapbilities of getting
either clockwise or anticloclkwise turns are equal., If the neutral
turns are excluded then

p(C) = p(a) = 0.5.
Thus the probability of getiting n, clockwise turns out of i« = n,n,

non=-neutrar tuims is given by

p(n) = (os)___ w!
Ml (N-mL))
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So thut the procability of gotting ot least n, clockwise out oi Il

non-neutral turns is
~N

P-= F’('tt, *LAot.‘M-e) = :EE::. @D-€;y~ N

! (N-e)
s 'l; ‘

This latter expression was computed and is shown together with
results of the ratio progrem in table 6.1. A ratio is here said to
be significantly clockwise at a particular level if' the probability
of obtaining that ratio, or a higher one, by chance where both
directions are equally probable is less than the chosen level, A
rutio is said to significanily anticlockwise, similarly, if (1-P)
is less than the chosen level.

The ratios for records 4.0 and 6.0 are in fact significantly
clockwise at 0.05. The probabilities are given as 0,000 because
the fourtn figure has been *rounded® off.

Comparison with table 4.2 shows that of the six records with
significantly clockwise ratios at some level four have significant
correlation coefficients of AF vith I. Suppose the potential gradient,
F, varies sinusoidally as

F - }b sin wt

then the displacement current is proportional to

=l
aF wF cos wt.
dt

Tnus the displacement current lags behind the potential gradient by
7/2 and so a Lissajous plot of I and I where I has a large displace-

ment current component will be clockwise.



Lissajous wming Ratios

n

necord ilo, nh, n, n, Ratio Ei:’l: ry
2.0 11 10 12 0.455 0.738
2.1 13 37 21 0.573 0.130
3.0 6 10 2 0.553 0.019 =
4 O i2 9y 37 0. 716 ¢ 0.000 **
6.0 21 112 27 0. 506 é 0.000"*
7.0 80 37 35 0. 514 0. k53
7.1 15 0 1 0.000 i
3.0 16 45 16 0. 495 0. 563
9.0 65 23 3k 0. 404 0.944 o

3 10.0 38 15 10 0. 600 0.212
11.0 30 14 U 0. 636 0. 143
13,0 o2 1 0.667 i
13.1 3 G b 0. 60U 0.377
14.0 10 18 G 0. 692 0.03% **
15.0 21 6 1 e 057 0.062 *
16.0 10 22 12 0. 67 0.061 *®
17.9 13 3 8 0.273 : 0.967 oo
18.0 71 5 0.250 | i
19.0 B 22 15 0.595 i 0.162
i 20.0 18 2 2 | 0.500 ; i
! _

®* significantly clockwvise ratio at 5. ¢ P <0.005

* . . n " 10;. t insufficient

00 . anticlockirise " LI ;Zzigzr\i:n:eigr

o ' " TV

Table 6.1
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Of course the converse is not true as is saown by record 14
where the correlation coefiicient between AF and I is virtually
zero (-0.06). Even after rejecting those records where the displace-
ment current is evident there are still records having rotations
wnich must be otherwise explained. Physically the rotations sigaify
a lag or lead beiween tne current and potential gradient records.

CHALHERS (1965) has explained qualitatively that one would
expect in the absence of point discharge a lead of potential gradient
when an unchaqﬁng cloud system is approacning an observer, Wﬁile
there would be a lag in the potential gradient record if a stationary
cloud systew: were developing. Thus an approaching system would be
clockwise while a developing systew would be anticlockwise,

iiith only one recording station it is difficult to decide which
process is predominant as vol: will usually exist side vy side.
However it is obvious that a fast noving cloud will have a larger
"approaching component® than will a slow moving cloud., 48 a very
rough indic..tion of the cloud speed the reciprocal of the isobar
separation on the Daily ieather Report maps was taken.

The values of ratio against the cloud speed for the significant
ratios are plotted in fig. 6.%4. Although very little importance can
be altached to a graph containing only four points two tentative
conclusions can be dravn. The two clockwise observations are associated
with high cloud speeds while the iwo anticlociwise observations are
associated with lower cloud speeds. It thus seems that both the cases

postulated by CHALMERS (1966) have been operative. The developing
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situation being evident at low cloud speeds and the apyroaching
situation evidenu at nigh cloud speeds. It must be emphasised that

these conclusions are drawn on very scanty evidence.

6.2 Heasurements at diff'erent levels

On f'our occasions records were taken at bunniside imnmediately
before or after a record yes taken at a lower level, This was done
in an attempt to t'ind information about the vertical profile of I
and ¥, The pairs of records 2.0 2nd 2.1, 15.0 and 13.1, 14.0 and 15.0,
19.0 and 20.. show that tie time separation between the levels
variad from 16 to 33 minutes.

Examinetion of tables .1, L.2 and 4.% shows that there was
in general a difference in the relatvion between I and ¥ as well as
in the actual values of I and & However, there was no consistent
pettern to the changes.

It would seem that tne assumption of the quasi-steady state was
not alvays justifiable., ‘I'here was no way of telling whether or not
there had been a change in conditions with the horizontal displace-
ment and/or the interval of time betwcen obzervetions. In view of
this uncertainty any explanation of the changes witi level would

be quite meaningless.

6.5 Sugeestions for further work

Many of the uncertainties of the present work have arisen irom

the inability of a single station to resolve spatial ana temporal
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ertecis, If Une wori: could ve extended to having more than one
simultaneously; recording stetion meny uncertainties would be
eliminated. x synoptic network would be ideal but this would at
present be beyona the scope of, at leasi, a Universily department.

A minimum sufficient requirenent would be a stationary
observation point and a mobile van, as used by the author, which could
take its position at a point alon; the wind direction dravmn through
the fixed station. &Such a pair o stations would be able to
establish the relative importance of thc development and motion of
a cloud system. It would e of iumense value to measure the vertical
wind profile during each record taken by the pair., Such a measure-
ment would remove large errors vhen analysis involving the cloud
speed is attempted.

If records taken by the pair of stations were sufficiently long
cross correlation analysis as used by OWOLABI and CHALMERS (1965)
would prove a powerful tool in analysis. For this to be used to its
full potential an automatic recording system, peruaps like that
described in chapter 10, would be almost indespensibvle.

I a realistic investigation of the vertical profiles in
nimuvo stratus conditions is to be maue tne author feels that it
would be necessary to have several stations, like REIYER (1965),
distributed with small horizontal separation and lerge vertical
separations. It would thus be possible to take simultaneous
obseivations at different levels. Tiere are so many changing influences

in this type of weather that a single station could only hope to get
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representative readings over a few, perhaps many, years of continuous
recording. Yo solve the verticel profiile problem, which this
investigation has failed to do, one of the above two approaches
would be necessary.

If similar apparatus were to be used it would be desirable
to develop a less critical methoc oi displacement current compensa-
tion. It would also be desirable to render the collector surface
more natural by covering with gprass for example. This would avoid
any unnatural splashing effects. buch were not noticed but may

nevertheless have been present,
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CIIAPTER 7

Space Charpe lieasurements

7.1 Introduction

It was felt that measuremenis of space charge density in
disturbed weather may have made a useful contribution %e the under-
standing of the results of the main investigation. It was thought
that the most suitable method would Le that of filtration. OﬂgENSKY
(1925) was the first to use a filtration method of measuring space
charge. The coilection erficiency of his steel wool filter may well
have been insufficient to trap a large proportion of small ions.,
VONNREGUT and LOORE (1956) have discussed the problem of collection
efficiency which they find increases as the fibre diameter of the
filter medima decreases.

MOORE, VONNEGUT and MALLAHAK (1961) have used with success a
ilter of a glass asbestos medium (the Cambridge Filter Corporation's
®Abselute Filter®). Bastd' (196L.) conducted tests on tne small ion
collection efficiency of' this {ilter, wnose fibres are of diameter
about 0,% micron, compared witn 50-100 micron diameiler fibres
comprising steel wool. 3ent found that less than 0.2.. of small ions
avoided capture in this filter.

It was fearsd by UENT (privatc communication) that if the
filler material became saturated with water it may sut'ter permanent
damage. Such saturation is very lil:ely to occur if a collector is

operated in wet weather a:s was invisaged by the author. It was,
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therefore, decided to construct a space charge filter without
employing the expensive filter packets used oy VONNEGUT and MOORE
(1958) and BENT (1964). Dr. C.3. kioore was kind enough to give the
durham group a large quantity of the glass asbestos filter paper of
the type used in the commercially manufactured filter packets. A
collector was designed vhich euds used a small piece of this filter

raper. The filter holder was arranged to be readily removable so that

the filter paper could be replaced when damaged.

7.2 'The bad weather space charze collector

Figure 7.1 shows a diogram of the space charge collector.

The diagram shows tone collector dismantled for replacement of the
filter paper. The filter paper is held between iwo gauzes for
mechanical support, shown by broken lines. The filter holder is
screwed into the cartridge by screw threads CC'. The cartridge is
held to the insulated inner case by threads BB!'. The exhaust cone

is joined to the body of the collector by threads AA'. 4 filter paper
can be replaced quite easily in rfive minutes.

The filiration properties were tested following the procedurec
of BENT (1964). The apparatus shovm schematically in iig. 7.2 vas
set up in a sealed room. ‘Ine out put of the conductivity chamber
was recorded witn and withnout the filter holder's presence in the
spece charge collector. The AC voltage supply to the f'an was
adjusted sc that the ran drew air at the same rate in both cases.

The flow was monitored with & stondard gas meter.
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4 tracing of' thne record obtained is shown in fig., 7.3. The
shading in the lower portion shows when the polonium small-ion
generator was on. The record shows that in the presence of the filter,
no change in the recorded conductivity can be detected. The smellest
detectable change above the noise level would have been about 1 mv.
Nov: in the absence-of the filter the VRE registered 500 mv so that
the filtration can be seen to nave removed all but less than 1 part
in 500 of the small ions. Thus the filtration is vetter than 99.8.
for ions contributing to the conductivity of the air. This figure
shows that the bad weather collector was as good in its filtration
properties as was Bent's collector.

There was one serious drawback to the collector constructed.
the area of the filter was very much less than that of the Cambridge
filter, There was a considerable pressure drop across the filter
wiich necessitated using a povierful extractor fan. Whilst this
was no problex in the laboratory tests, difficulty was found in
obtaining a sufficiently nowerful fan to run off the van's limited
pover supplies. This problem was not solved in the time allotted to
the project, so the bad weather collector was not operationally used.
It has, however, been used in = lavoratory investigation by lLir. L.N.
Rogers who found it to function satisfactorily.

It has been mentioned earlier that iir. Ogden was conducting a
fine weather space charge investigation using the van. Although the
aim of wet weather measurements could not he realised some measure-
ments over melting snow surfaces were atltempted in collaboration with

kir. Ogden.



7.3 he QOgpden swace charge collector

This collectior was builti with minor modifications on the
BENT (1964) pattern using a Cambridge filter. as will, no doubt,
be fully described in lr. Ogden's Thesis, an adequate flow could

be achieved with the Cambridge filter.

7.4 Space charges over melting show

Observi.tions of electrical effects associated with blowing
snow made by SIMPSON (1919) in the Antartic formed the basis of a
theory of thunderstorm charge separation, SINPSON and SCRASE (1937).
The space charge distribution in the lower 3 m of the atmosphere
was inferred from potential measurements by 1iaGOHO and SAKURAI (1963).
They found negative space charge upto the first metre and poskive
thereafter.

Direct measuremente of space charge at two fixed levels by
BENT and HUTCHINSOF (1965) showed that in certain conditions over
meiting snow the space charge vios negative at 1 metre while positive
at 2 m. These conditions were found to persist in conditions of
strong mixing, Their explanation was that there was a separation
of charge at the surface liberating negative charge to the air, IThe
upper positive charge was thought to have been produced by the blowing
of snow at sub-zero temperature on the high moors from which the wind
was blowing. 1t was tnought by Bent and Hutchinson that the process
of charge separation involved may have been the same as that

described by DINGER and GUWN (1946). Bent and Hutchinson found that
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nc such charge separation occurred when iae wind speed was conaiderably
les: than 1o m 5—1.

It was proposed with the mobile apparatus to try and verify
the observutions of Bent and ifutchinson. The plan was to measure
vertical space charge profiles over snow surfaces at sites above and
below tie 0°C isotherm,

To measure the profiles the space charge collector was pivoted
at its centre of gravity and an inlet pipe fitted so that the height
of the intake could be varied from O to 2 m in as many steps as
desired.

It was felt that a profile of closely spaced vertical soundings
may have been able to detect the effect in conditions where the two

fired level measurements lacl:ed sufficient sensitivity.

7.5 Resulis and comments

Several profiles were measured in the winter 1965-66 but the
results were not found to be reproducible. The lack of success was
attributed to the fact that the inlet pipe was made of rubber. The
rubver was thought to have had static charges on its walls. ‘Uhe
field set up by these charges would attract small ions of the opposite
sign to the walls. .s there would have been static charges of’ both
signs on the walls, it scems that the rubver tube would act as an
efficient, although undesirable, small ion trap. It has been noved,
unfortunately too late, that this effect wus found by NOLAN and KENNY

(1953) for condensation nuclei.
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The rubber inlet was replaced by cardboard but a satisfactory
method of' fixing the tube was not found.

The eventual solution of raising and lov.ering the whole space
charge collector was dccided upon. ‘Yhere have been no suitable
conditions for the experiment since the last solutiion was implemented.

t is hoped that Nr. Ogden will be able to get some satisfactory

results in the winter of 1966-67.
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CHAPYER 3

Charge Leparation at Power Lines in Fog

8.1 Introduction

Observations at Kew Observatory from 1933-1933 (B.i.R.)
siaowed long veriods of negative potential gradient in the absence
of precipitation. CHALMERS and LITTLE (4947) found in Durham
negative conduction currents and potential gradients when the two
nearest meteorological reporting stations reported mist. Also they
ncted that there viere no such reports on the occasions when they
observed normal positive values. Their conclusion that the negative
potential gradient was associated with the mist was supported by
the observations of CHaLMul$S and HUTCHINSON (1949). The latter
workers noted negative potential gradients in tne presence of
"high hanging fog".

Such observations suggest a process of charge separation which
is not connected with precipitation. This hypothesis was verified
by CHALMERS (1952) using a portable field measuring device, In
conditions of mist or fog, Chalmers made journeys to the east of
Durham meking regular measurements of' field., The source of the charge
separation was found to ve high tension electricity lines where
negative space charpge is liberated at the rate of some microamperes
per pylon. This of course assumes the liberation to be at the pylons,
from whence comes tne maximum lissing noise in mist or fog.

WOHLEISEN (1953) has detected this effect at distances of up

to 7 km down wind of a power line, BENT and HUTCHINSON (1968)
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detected an excess of negative space charge at Durham Observatory

when the nearest mist was upwind on the coacst atv e distance of 14 kn.
To investigate tnis _henomenon further it is iirst necessary

to establish the validity of the assumption that the charge separation

takes place at the pylons, rather than uniformly along the power

lines.

8.2 Relevent apparatus

The effcet can be examined by observing the potentia. gradient
duc to the liberated space charge. If the wind direction is known
the source of the charge separation can be easily pinpointed. The
van is eminently suitable ior such an investigation as it is movable
and is fitted already with a field mill.

It was found, as it was - by CHALMER. (1952), that no useful
readings could be taken within about 30 metres of the pylons, as
the 50 c¢/s signal was picked up and amplified. No 50 ¢/s diserimina-
tion had been built into the fiecld mill amplifier, nor was it thought
to be wortiwhile for this minor investigation. All observations were
made at a aistance of 40 m from the power line.

A simple wind vane was consiructed and was observed visually

to et the wind direction.

4.3 Hesults
The experiments were conducted in a field at “hitwell near

Durhem by kind permission of the farmer. The site was chosen because
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it had a power line crossing from roughly Yorth to Houth and a pylon
in sucn a posiwion thet it was apwnroachable from both East and
west, fig. d.1.

funs round the patin ABCY were made with continuous monitoring
of potential gradient and wind direction. The results, which vere
quite reproducible, were taken on mornings when there was mist or
fog in late Octouer 1965,

A typical morning's (19.10.65) results are shown in fig. 8.2.
In all cases the wind speed was very low (less than 1 m 3-1). The
vind direction fluctuated considerably bul was in general perpendicular
to the power line.

It can be seen guite clearly in the dGowmwind runs that the
naximum depression of potential gradient occurs when the wind blows

from the pylons to the field mill,

8.4 Discussion

The experiment showed quite conclusively that the charge
separation does, in fact, take place at the pylons to a greater
extent than it dous along the lines,

A nuch more elaborate e:periment would pe reguired to detect
if any sepzretion takes place between ihe pylonygs. It would be
necessaiy to make observutions simultaneously at several points up
and dovn wind of the line uvefore one could be sure ithat the depres-
sion observed was not due to that at the pylon. Also the simultaneous

observ.tions would elimin:.ce errors due to changes of potential
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NOTE

There are two errors on pages 90/91. Their effect is not

critical but the following modifications are necessary.

For electrons liberated at the negative peak voltage their
distance of travel will be composed of two parts that while free
and that while a small ione Since the free life is small the
distance travelled as a small negative ion will be that travelled
in % of a cycle i.e. d’/2. The condition for escape has to be
modifieds Escape is achieved if the electron while free, can travel

Yo

The value 132 kV taken for the peak voltage is in fact the

a distance greater than

Tele Se VOltage s0 a correction must be made here alsoe Everyvhere
132 kV appears the value should be 132/2 ¥V.
(1) The value of d should read O.1l m instead of Ol me
(ii) At the peak voltage F/p = 196 v.m'l/m Hg met 1L40.
(111) Thus the drift velocity is 16 x 10° m s+
(iv) So the electrons travel 0,16 m in their lifetime.
af fu thar
Now as 72 = 0.07 the condition that the electrons travel fieem
Hoaen af
them;—then 7 2 is easily satisfieds

Similar modifications render the proportion 27.8% an underestimates
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gradient with time,

The cause of the charge separation is likely to be aue to
insulation breakdown. This results in currents flowing across the
surface of tne insulators producing ionization in the air nearby.

Jow since the potentinl of the line alternates the attraction and
repulsion of each sign of ion will alaso alternate. The negative’
particles produced by ionisation vill be electrons, although these
will soon become attached to neutral molecules to form ions of«
meolecular size. However, in the time before attachment, the electrons
have vastly greater mobility than the molecular sized ions.

Thus, in the negative phasc of the alternating voltage, clectrons
will oe repelled fro. the line., Now the disiance they will reach
will depend upon how long tne eleciron remains free. i'hen attachment

takes place the velocity will oc greatly reduccd due to the relatively

lovi mobility of tae larger iom.

3.5 Guantitative discussion

\.hether or not negative space charge can be liberated by
this process depends upon how far the eluctrons travel before their
capture. If' this distance is greater than that which a small ion
will travel in half a cycle the negative small ions formed by
electron cepture will not ve dravm right back to the line in the
subsequent positive half’ cycle, co will contribute to the ~tmospheric

space charre.
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1.
The critical distance, d, wviich 2 small ion can travel in a
hall cycle is given by
d = j.;if at
integrating over half a cycle. \vhere p is the small jion mobility
and F the ma.imumlccal potential gradient. %o a first approximetion
I can be taken as tne quotient oi the line voltage, V, and the

length of the insulater, 1. %Yhe expression for d is then

o-ol
j‘ uw V_ sin 100mt 2uV
[¢] Q

o

1l 1001

Substituting for

o= 1.5 =10 ms v
Va = 1321V
and- 1 -— 1.2R m

2 x 1.5 x 107 x 132 x 10°

d = 100m = 1'25 = 0.1 m
Aot
MUHLEISEN (1961) citing LZL.AD (1913) has stated/in moist air

. . . , . ., -8
the lifetime of free elecirons is increased f'rom the usual 10 sec

-l
to about 10 ° sec. Wow those electrons which are produced at the

instant of the peak voltage wiil itravel the greatest distance. it

132 x 103
1.25x 160 =

‘he experimental data of WI®LiM.' and BRAD3UAY (1937) show that the
-1

eleciron drift velocity is 1L x 103 m.&  in air for such E/p, So

the p.al: voltage the ratio F/y in V.m_1/mm.Hg is 140,

in their lifetime of 10 2 scc these electrons will travel 0,14 m,

which is greater than the critical distance of v.1 m.
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NOTE

Assuming a constant electron mobility an estimate of the proportion

of escaping electrons can be derived,
Vi e
! ‘ 0 = 2aft = 100x t

7 O = 100!! T

All electrons liberated before T will escapes

At T we have
HeT Vosind j" WV sing 46  _ ftuVosinG de
d o ~I00-d b 1007 d
,.4’
So ueTs:ln(b-,-Es:LnedB = 0
100 =

Thus  p 7 sind - 0 (L-cos¢ ) = O
100x

Now ki, electron mobility ~ 10'1; M, Small ion mobility = 1.5 x 10‘”

7, electron lifetime ~ 10" nence po= 5x 1077
100n

So we have 10°° sing - 502071 (1L -~ cose) = 0O
i.ee 2 8in0 - 1 +cos® = O
Solution of which gives cos® = 1 or =0.6
8 = 0 or 127°
Thus fraction of liberated electrons escaping in each cycle is

127/360 = 35.3% = 4
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mlectrons will escape at voltages below the peax as long as
the drift velocitly is sufficient for electrons to e:ceed the critical
distance in their lifetime. '“ue critical drif't velocity is
clearly /107> - 10" m 5”1, "The data of Neilsen and Bradbury show
that this is equivalent to a critical E/p of 90 V.m_1/mm.Hg. This
value is acuaieved in the present circumstances by a line voltage of
85.5 kV.

It is a trivial matter to show that the alternating line
voltare is more negative than 85.5 kV for 1/3.6 of a cycle. Thus
it can be-seen that 27.3;, of clectrons produced by ionisation travel
further than the critical aistance and so contribute to the
atmospheric spauce charge on capture und formution of small ions.

Mow clearly the actuzl estizete of 27.8. is not highly accurate
depending as it does upon a iirst order approximation., However,
it does serve to show that the mechanism suggested is adequate for
explanation of' the phenomena, The precise proportion of escaping
electrons depends upon the local mazimum field. <he proportion is
not quite independent of the actual line voltage because the electron

20bility is not quite indepencent of ¥/p.

3.6 The next steps

A remaining question of interest would ve to examine the
ion specira with distance from the pylons. This would presunsoly
chanre as the small ions iritially produced become attached to

lerper neutral particles I'orning large ions. It surely must have
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bee~ the large ions vwhich we.e observed, at considerable distances
from pylons by BiNT and LUYCHLHCOL (1965) and HUILAISHN (1953).

In the hope of determinins ion spectra a Gerdien tube was
installed in the van (see Chaoter v). liowever, the Gerdien could
only be run on the V=zE whicn was, at that time, in use for the main
investigation. 1Tn fact, there were no suitable fog occasions during
the few weeks that the Gerdien was installed.

In collaboration with ifr, T.L., Ogden, a method of meesuring
the larpe and small ion contributions of the total space charye was
evolved. =~ one inch diameter tube, about 1 foot in length, was
mounted in front of lir. Ogden's space charge collector (see Chapter 7).
A4 potential of 240 volts was applied to an electrode coaxial vith
the tupe. Thi: system serves to remove all the small ions. Their
mobility is such that, with the flow rate employed, they would all
migrate to the walls or electrode before they could have reached
the end of the tube.

Thus the space charge collector will only receive large ions.
If readings are taken with and without the potential applied to the
central electrode, the contribution of large and small ions to the
total space charge can ve deduced. At the time of writing, no
observations have been made in fog with this apparatus but it is

poped that Mr. Ogden will be auvle to complete the work.
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CllaPYER 9

the lieasurement of atmospheric Conductivity in Disturbed

Conditions

m——

9.1 The Gerdien apparatus

Conductivity has been measured at Durham by Dr, K.s. Higazi
(HIGA%I and CHALMEHS 1966). One of the chambers he used was
borrowed for the few conductiviiy measurements made in this
investigation.

The chamber wvas wmade following the design developed by
GEHDIEN (1905). The chamber, vwhose important dimensions are shovn
in fig. 9.1, consists of a cylindrical conductor containing a
coaxial rod conductor. “he inner electrode is hignly insulated
from the outer cylinder with K. .1 E, insulation. ‘Yhe two electrodes
were made of brass cleaned Iinally in chromic acid, to render the
surfaces clean and similar to obviate contact potentials wvhich could
have a great influence on the results. (An error of 1 part in 6
vould not be an outrageous estimate of the effect).

¥hen 2 potential difference is applied between the conductors,
a current composed of sméll ion carrdiers flows along tne potential
gradient. “The ionic current of appropriate sign arriving at the
central electrode is amplitied and measured with a vibrating reed
clectrometer. If the whole arrangement is not shiclded then move-
ments of charged bodies e.;. the observer, will cause a displacement

current to flow through tne V., R 8. As this would clearly give
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spurious readings the whole Gerdien syste.; is mounted inside an
earthed aluminium box. ‘“he air in tne tube is continuously replaccd
by a suction fan to avoid reducing the conductivity of the air by
removing the charge carriers. SUANH (1914) has chown that thi§ rate
of flow need not be constant over the cross section of the. tube.

In view of this, no complex fluid dynamics need be considered.

In Higazi's work a vacuun cleaner fan was used. In the van
there vias insufficient n.C. pover to drive the fan so the AC motor
was replaced by a 12v DC motor, as used in automobile heater fans.
This arrangement of the DC notor, coupled with the vacuum cleaner
fan blades, was capable of drawing 2 litres or air per second through
the Gerdien tube.

To make conductivity measurements from the Land Rover the
Gerdien tube was placed on the floor of the van and a 0.5m cardboard
tube was used as an inlet pipe. Cardboard is a good material to
use for this kind of task as it is a bad enough conductor not to
distort the potential gradient; whilst it is not a good enough insula-
for to hold any residual charge, wviich would equally distort the
potential gradient round the tube. 1ishen tne apparatus was used during
precipitation the cardboard tuve never got wet enough to surfer damage.
The spare tube kept at hand as a replacement was not called upon.

The finite lengtn of tne apparatus, together witn the chosen
rate of air flow and potential difierence, impose a lower limit
upon the mobility of ions which can always coniribute to the ionic

current. CHALW&RS (1957)(§70) has shovm that the time t taken for
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ion of mobility w to get from the outer cylinder to the inner

cylinder unuer tae inif'iuence of a potential difference V is

¢ . (82 -1%)  1n(3/1)

- 2 wV

D

f

vhere a and b are the outer and inner radii respectively of the

Gerdien tube and 1n represents natural logaritims to the base of e.
Equating this time to that taken for air flowing at velocity

U to pass through a tube of length L will yield the minimum value of

mobility w which will always be captured. If tne apparatus is to

measure conductivity and not just count ions this minimum value for

mobility for certain capture should be greater than the typical value

for small ions which L contrivute to the ionic current namely

1.5 x 10-1F (1KS). Yor air :lowing at a rate & the velocity will be

U= R/'n‘(a.2 - bz) giving:

2_..2 ra a
limiting mobility w = AE—2 )glug( f_’) 2 _ RanC/b)
' 2 V «(a“-b") L or V L
-3
2 x10 7 x1n 6.8 =4 2 -1 -1
= 506 £7§;7:~——— = 4 x10 "mv ‘s

In the above calculation the potential difference has been taken
as 6v. This value was chosen as it is well on the ohmic part of the
current-voltage characteristic of tne Gerdien tuve. an experimental
current-voltage characteristics is showm in fig. 9.2. The figure
clearly shows the transition from an ohmic regime through an ion
collection regime to saturation when 211 the ions available are

carrying current to tne central clectrode.
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There are a few practical points to ve discussed with respect
to this Gerdien apparatus,

Fiezoelectricity will always rear its head when currents of
10-13 amperes are being measured. The piezoeleciric currents set
up in the cable from the head unit to the Gerdien tube due to
vibretion can be immense compared with the signal currents. They
are, however, easily removed by the employment of coaxial cables
with solid outer conductors.

In exact measurements of conductivity at a particular level
it is necessary to apply a potential to a conducting ring on the
end of the cardboard tube air intake. This potential is equal to
that of the surroundings and serves to eliminate distortion of
the potential gradient (HIGAZI 1965). However in this investigation
where the tube protrudes from the Land Rover - a conducting box -
such a correction would be irrelevant compared wiih the distortion
of the potential gradient due to tne Land Rover itself.

The high humidity conditions of precipitation could also be
e cause of trouble. The P.W,F.E. insulators are run without heaters
in the Gerdien tubes, they nay have failed witn respect to the 1012
ohn input resistor employed. DBecause of this risk the chamber vas
operated in a room at a temperature of 21°C and 100.. relative humidity.
These conditions were maintained by boiling a kettle for .ne hour
and there was no indication whatsoever of an insulation failure.

There would, in the conditions of fog and precipitation

proposed for investigation, be a large number of water-borme charges.
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These can be concidered as lerre or super-large ions depending upon
their aroplet size. They will clearl, have very small mobility so
will not coniribute to the conduction current in the Gerdien tube.
However, the central elzctrode will catch some large ions by impaction.
The contribution of this source of current to the central electrode
will depend uyon the out of balance large ion distribution. The
current due to this source can he determined by running the Gerdien
tube without any potential diiference (the small ions can be filtered
out elecirostatically) and the impaction current measured. It was
found experimentally that the contribution of impaction current wes

measurable but small.

9.2 Results in_snow

The only results of interest taken with the Gerdien chamber
were oobtained on 26.71.65 in conditions of steady continuous cnowfall.
Readings of positive and negative conductivity together with
potential gradiont were taken at Sunniside and the Observatory. as
only one chamber was installed in the van the positive and negative
conductivities had to be recorded consecutively. <The potential
gradient was observed all the time. The readings at Sunniside and
the Observatory were separated in time by 25 minutes and in distance
by 13 km.

The results obtained are given in tne order that they viere
taken, being exhibvited in table 9.1. The suoscripts 1 and 2 refer

to the low level anc high level results respectively.



Paraneter Units Value Yiotes

at sunniside

. . - - Y -1 =1 -1 . - s

ticgative conductivity, 'X,_ 10 ol m 0.216 | i‘ean over 15 ain.

e . ‘s * L =1 - o _—_—

rositive conuuc*.;:wlty,')‘,_ 10 oMl m 0.515 | ilean over 1% min,
. o =1 ie a2 oz

rotential gradient, e‘2 V m + 500 | iiean over 30 iin.

0'1
air temperature, T2 C -2
At Observatory
. R »): o N B ; -y .

Positive Uonductivity, », 10 “ohm nm 1.38 riean over 5 min.

. . “ e - =il -] - . -

Hegative Conductivity, X, 10 “olua 'm 2.30 |:iiean over 5 min,

. -1

Yotential Gradient, 14‘1 ¥Ym - 100 | liean over 10 min,

air temperature, 21 e 4 1

Precipitation Rate, R ixa of equivalent 2.5 |llean over two hours

water, hy™1 of fairly constant
snovfall.

iieights of recording stations apbove sea level:

Sunaiside 300 m

Cosexvatory 100 m

Table 9.1
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Throughout the experiment the cnow fell at an apparently
constant rate at both sitec. Yhis subjeciive observotion was
supported by scrutiny of tae observatory's orecipitation record which
shovs & liaear rise in precipitation amount over a period of two
hours whicn inciudes the experiment.

At the upper level, the snow wes observed to be dry with a
flake diameter of about 5mn. a4t the lower level the snow was vet
with larger iflakes of about 1,5-2 c¢m diameter.

The total ionic current density, j, a level is given by:

j=(X"aX)F
Lpolying this equation to the results gives ionic current densities
at the two levels of
-12 -2

‘j'i - 3,63 x 10 e 11

and §, = +3.65 x 10712 An2.

9.3 Discussion

If it is avsumed that a quasi-steady state prevails, it is
possible to deduce a value for the current generator producing the
change of ionic current with height. In a quasi-sieady state ihe
fifures represent a current penerator equivalent to 7.33 pico Coulombs
per second over a 1 m2 column between the levels. That is an
averare charge separation rate of 3.066 x 10-14 C m_35_1.

The only likely source of charge separation would seem to have
been the partial melting vhich occurred. If the vertical temperature
gradient was uniform between the levels, then the charge separation
=13 ¢ s

rate in the melting region would have been 1.1 x 10 5 .
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-3 =1

This compares witn the Tfigure of 1,6 x 10-11 Cm”s for a thunder-
storn.

Now the value of these results cannot be rated as very high
in view of the munner by which they were obtained. There are
alternative explanations of the results wvhicn do not involve the
assumption of a steady state. Ior example, the results could reflect
a change with time of the situation which took place while the
van was being taken from Sunniside to the Observatory. Or, there
may have been a spatial change in conditions, so that the implicit
assumption that the mezsurements tuken reflect the true vertical
profile was false.

Criticisms such as tue above could be satisfied by having a
vide network of stations. Tnese would ve able to resolve spatial
and temporal changes and allow 8 vertical profile to be configdently
built,

It would be of great interest to measure simultaneously the
ionic and precipitation currents in, below and above the melting
region. Such measurements would tie in nicely with the viork being
done on the melting of individual snow flakes in Japan by hIWUCHL
(1965) and 182GONO and KLUCHI (1963). Such a combined attack would
perhaps establish quite definitely ithe widely held belief that the
melting process plays a predominant part in precipitation electiricity.

Unfortunately, time 2nd weather did not allow repetition of
this experiment, before the VRE vais restored to tne precipitation

current apparatus of the main investigatiomn.
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CIAFIER 10

Apnendix ihe Auvomatic Recording of Data

10,1 Introduction

Zarlier in tais thesis, especially chapter 2, references
have veen made to a proposed automatic recording system. Although
no systen vas ever opefationally usea the author spent 2 good deal
of time in designing aand developing a prototype system, lor complete-
ness this appendix gives a briel description of the system. The
reader wi_l not be trouvled by the elecironic details. Only a
description of the logic is given in terms of "black box" elements.
The requirements of' an automiatic recording system were taken
as being as follows. It must be possible to record several inputs
on a single track; each input veing sampled in turm. ZThe sampling
cycle may oe weig..ted sc as 1o give more frequent readings of the
more important parameters, It must be possible to allow the system
to run for considerable recording periods without attention. The
accuracy of the recorded parameters must not be limited by the quality
of the recording system; thut is the parameter must be able to be
recorded as accurately by the systew: as it could have been vdithout.
It should be possibls to get vhe data eventuaily onto a punched paper
tane suitable for entry as a data tape into a computer.

Clearly, it would not be i'easible to carry a paper tape punch

PP .
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in the van bzcause of tne power and space limitations. Thus the
system invisaged was of two stages: a recording onto magnetic tape

and a subsequent play-back onto punched paper tape.

10.2 Recording

Each input in the fora of a DC voltage level is selected in
turn and converted into a pulse chain whose frequency is proportional
to the voltage level. The voltage to frequency converter used is
that described by DE'SA and If0LYWZUX (1962). dach pulse chain is
admitted for a fixed time interval, so that the number of pulses
recorded is fundamental, thus allowing the subsequent output to
be independent of the tape speed. Yo synchronise later playback
and counting eacn recorded 'pit' of data is preceded by a singie
trigger pulse. Two bits of' recorded data would apvear on the tape
es shown in trace i o1 fig. 10.1.

Yhe circuitry necessary to achieve the above is indicated in
the block diagram fig. 10.2. Il is a free running multivibrator
which controls the speed of operation of the system, The period
of this element, 500 ms, is shovm on the diagram, as are periods
of all the elements. 'Yrace a in 1ir. 10.7 shows the wave form
emitted by FRi. The positive svikes, trace 3, produced by the
diff'erentiating element initiate three actions by trigegerin;: three
one snot multivibrators, Oo1, 032 ana 053. The output of 05} supplies

the trigger pulse to the tape. 0LZ cause: a delay while 051 provides



TIME 0 e see T
. O " see - how Sov - Se® . 100®

e

| palss widids et & oede m G H
S| 1 11111

T

)

Fig. 10.1 \ave forms in automatic recording system



FR 1
500 w4

i

4

.\" (ogic park \\
R T NG

O R |—o—so—

TAPE

054 0%2 053
20 my 100 m s 100 s
" |Ame "’“ . ]
_ 'NPUT osL
———] SELE TR 200 wo #
V b j’ e pop—o AND |—p— 0355
100 a8

¥ig. 10.2 Blocl: diagram of recording cystem




a npulse whicu, after aspliiication, causes the input selector to
choose the next input.

The input selector consists of & —otary relay described in
connection wita the rainiali recorder in section 2. 3.

at the end of the delay due to 052, trace D, the spike pro-
duced by differentiation, trace L, triggers 0S4. 084 gives a pulse,
trace 1, whicin is fed into the AND gate for a fixed period. Vhen,
and only when, the pulse fro: OS5l and nulses of the pulse chain
fron the voltage to frequency converter (V to f) are preseant do
pulses pass out of the AD gate into 0S5. 085 is present to produce
a pulse of the same standard size as thnose produced by 083.

The trigger pulise i'ron 083 and the signal pulses irom QU5 are
all fed into the OR element. “his element gives oul a pulse vhen
either input is supplied. Thus, the output of the OR element, which
is put onto the magnetic tape, is as shown in trace 1,

& prototype of this design was built and operated successfully
for long periods with up to twelve voltage inputs, ithout modifica-
tion 48 inputs could be annlied, each would be sampled once per cycie
of 24 seconds. In pracitice, it i: more likely that only a few inputs

would ve present vith a more rasid repitition rate.

10.3 Playback

The response of a norme. tane recording head to a 'suuare'
pulse is in effect to attemnl a rourier analysis of the vulse.

liowever, as there is an upper limit to the frequency which can be
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recorded, the analysis is nol coumlete. The result is that the
recorded rulse is not cisarly defined on playback. It is thus
necessary to employ a oulse chaper before attempting to decode the
recording,

The playback procedure is siinly to note the trigger pulse and
count all the pulses between one trigger pulse and the next. ‘“he
olock diagram f'ig. 10.3 shovis the elements by whicn this is done.

Standard sized pulses irom the pulse shaper are applied to
Getes 1 ana 2, It is arranged that the first pulse teo ap.car on
a tape is a trigger pulse. wuence the trigger pulse will be accepted
by Gate 1 which is normea.ly onen and rejected vy Gate 2 wnich is
normally closed.

Having passed through Gate 1 the trigger pulse enters the one
shot multivibrator 086. The output of 0S6 is a pulse of 400 ms.
vote that 400 ms from a irigger pulse is a period which includes all
the signal pulses and ends before the next trigger pulse. The trace
I in fig. 10.1 shows the output of 0S6. The output is used to reverse
the state oi gates 1 and 2. Thus for 400 ms following a trigger
nulse gate 1 iz closed while rate 2 is open, Now the signal pulses
whicn follow the trigger pulse will all pass through gate 2 into
the counter.

““he counter would be sore such arrengement as used by Brilt (1964&0
and COLLI¥ (1968) which will prouuce a punched paper tape output

.of 2 count by decatron tubes.
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the nrototype of tne playbacl: sysien was not coapleted by the
author., It is hoped that a recording system may be built by a
future research student, perhaps on lines similar to those laid
dovn here. Perhaps another approach would be to adopt lines similar

to those used in radiosonde equinment,
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