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ABSTRACT

Previous workers have found evidence of negative space
charge in continuous rain and that the precipitation current

is greater at a height of 30 m than at ground level.

An investigation into these effects was carried out by
making measurements of the precipitation current and potential
gradient at the top of a mast and simultaneously at ground
level. Unfortunately the investigation was brought to a
prema}ure end and the potential gradient measurements were
rendered ambiguous through difficulties encountered when
calibrating the instrument to be used on the mast. It was”™
possible however to detect the presence of some space
charge, The aarrent at the top of the mast was found to be
several times greater than that at the ground and their
variations did not correspond exactly, sugéesting that some
charging process was operating in the lower 30 m of the

atmosphere,
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PREFACE

The work described here vas carried out ‘ae a joint
research project by I.A. Raisbeck and the authore As &
result much of the work was shared by them although Raisbeck
was responcible for the design and construction of the
agrimeter, rate of rainfall recorder end recording system,

The author's main contributions were the construction of field
mills and the develcpment of the sign discrimination eystem.
He slso carried out the statisticsal énal.vsis of the recorde,

The rationalised M.K.S. system of units has been used
for all formulae except those derived experimentally where
rore practical unite of charge and current ( /4/‘0 and /.4/4 A)
have been employed,



ABSTRACT

Previocus wvorkers have found ev‘ide:nce of negative space
charge in continuous rain and that the precipitation
current)freater at a height of 30 m than at ground level.
An investigation into these effects was carried out by
making measurements of the preeipitation current and potential
gradient at the top of a mast and simultaneously at ground
level, Unfortunately the investigation was brought to
a premature end andéd the potentisl gradieént meascurements
vere renderéd ambiguous through difficulties emcountered
vhen calibrating the instrument to be on the mast. It was
' posseible however to detect the presence of same space |
charge, ‘The current at the top of the mast was found to
be several times greater than that at the ground and their
variations d@id not correspond exactly, suggesting that some
charging process was operating in the lower 30 of the

atmesphere,
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ter I INTRODUCTION

Interest was first aroused in precipitation electricity
by its possidble importance in bringing dovn negative charge
tc maintain the charge on the earth's surface vhich is being
neutralised by the chargé brought down by the fair weather
conducticn currents It is aisc generally accepted that the
origin of the charge is closely related to the charge separation
processes occuring in clouds so that information gained
about the charge carried by the rain weuld helﬁ to throw light
on theée Processes.

Kelvin (1860) had sugmested that the electricity of _
precipitation should be investigated, dut Elster and Geitel
(1888) were the first to make observations of it. They used
a collecting vessel vhich was ahieldeh electrostaticly to
avoid‘tha displacanent currents produced dby changes in the
‘boun&'charge accompanying notential gredient changes, They
measured the charge reaching their collector in an interval of
time with an electrometer, This method was used by a number
of later investigators, notably Simpson (1905 and 1949).

Other workers including Scrase {1938) found the charge carried
by a known quantity of water by allowing tﬁe rain to run into
& bucket which tipped up when full and simultaneously earthed

the electrometer.

The wmain disadvantage hese methods is that the electyo-
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static shield wight exclude a porticn of the rain and the
collecting vessel might only receive a few of the smaller
drops, especially if there is a strong wind, This might be
impertant if a significant part of the total charge is carried.
by swall drops, as suggested by Smith (19656). Also the
conduetion current and sny charging due to splashing in the
potential gradient are excluded. Wilson (1916) made a few
cboervations with an exposed receiver fitted with a guard

ring s0 that charges lost from the receiver by water splashing
off it would be balanced by splashes falling onto it,
Schonland (1928) aﬁd Chaimers apd Little (1940 and 1947) used
e similar method and more recently Chelmers (1956), Adamson
(1958) and Ramsay (1959) made observations with an exposed
receiver and@ corrected for displacament currents;

Some of the earlier workers fcund a tendency for the
precipitation current to te opposite in sign to the potential
gradient, but not alli later workers found this correspondance,
However the results of Simpson (1949) dispellcd all doubt of the
existaence of this inverse rzbation between the precipitation
current and potentisl gradient, Later work has confirmed
thét the current is usually proporticnal to the potentisl
gredient and of opposite sign to it. Similay resulte have
been found for individual raindrops, although Smith (1955)
found that the sign of a drop's charge depénded on its size,

7ith single drops the divergence from the average was found
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t0 be very great with drops of the seme sige and falling
together having charges that differed in magnitude or even
in sign.

The inverse relation can be explained by a charge
separation in the cloud giving charge of one sign to the rain
and leaving the other in the cloud to give rise to the
potential gradient., Another explanation is the cspture of
point discharge ions by the raindrops (Wilson 1929) giving them
a charge of opposite sign to the potential gradient, Point
discharge Goes not usually occur except during thunderstorme,
end in nimbostratus conditions this process is unlikely to
be of priwmary importance, No satisfactory interpretation
has been made of the results for nimbostratus rein although by
considering that rain is formed in the samé way as snow
Chalmers {1S68) has been able to draw some conelusions about
the positions of charge separation prodesses.

' In addition to the inverse relatiop many vworkers have
observed that the potential gradient and precipitation current
changed sign either simultenecusly or with a short time lag,
either the potentisl gradient or current lending., This has
been named the mirror image effect end is an instantaneous
relaticn vhereas the inverse relation is a statistical one.

It is possible to consider it to be due to the movement

overhead of the charges in the clouds as $he clouds are blown
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past, If the wind is of uniform strength betucen the cloud
and ground the rain is glwaye directly below the part of

the cloud vhere it originated. The time lags sometimes
observed can be explained if the wind strength varies, On
the other hand the effect may dbe ezplained by the rain
gaining its charge by some process which operates near the
ground,

Most workers have only wade their observations at ground
level although Gunn (1950) measured the charges on precipitation
inside a thunderstorm, However, Kelvin (1860) and Chauveeu
(1900) measured the potential gradient, but not the
precipitation currents, at the ground and simultaneocusly at the
top of a tower, They both found that during steady r&in
the potential gradient was ysually negative but occasionally
the potential gradlent at the top became positive while that
at the bottom remained negativé. Chauvezu also observed
that changes in potential gradient at the top were less
proncunced than the corresponding changes at the bottom and
that sometimes a change of sign at the bvottom was only
accompanied by a diminution of the notential gradient et the
top. |

Thé difference in sign of the poﬁential gradient at the
top and bottom indicates the presence of a negative space

charge and if its density varied the potential gradient at
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the bottom would also vapy and if the space charge were
confined to the lowver layers of the atmosphere so that most
of it uns below the %ép of the touer the changes would be
smaller at the top. | :

several suggestiona have been made to account for éhe
production of this charges Lenard (1892) found that when
drops splashed a negative charge was giveﬁ to the air which
could lead %o a negative space charge near the ground, |
Recently howeveyr G1ll and Aifrey (195628) have guestioned the
existence of any charging by this proccsss It has algo -
been found that vhen drope are shattered by air blasts a
negative space charge is produced, but drops of the sige of
ordinary rain 4drops are very stable and it is improbable
that the gusts of wind near the ground are strong encugh to
shatter them. Adkins (196%a) suggested that the
preeipitation was in fact snow at the top of the tower and
that this melted before reaching the ground, the welting
heihg acceopanied by a charge separation process. However
Chauveau reported that the effect occurred quite frequently
end it is unlikely that he would not have observed any
snow that feil,

verry (1959) continued the work of Kelvin and Chauvesu
by making simultanscus meacurements of the potential gradient

and precipitation currents at the top and bottom of a mast, but
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ﬁras;. only able to malke recordings on two ocecasions. Hé 4aid
not report differences in the cign of the potential prazdient
at the top and bottom of hié mast, but he did observe, at
both places, the inverse relation between potentiael gradient
and precipitation current and the uwirrcor image effect vhich
are well known for observations at the ground., His most
interesting observation however was that the currant at the tép -
was severel times larger than that at the bottom,

The present work was to be conducie& on the gite used
by Merry as a continuation of his work. It was hoped that
it would be possible te take a lérge number of results which
would enable an explanation to be found of the 'Kelvin-
Chauveau' effect and that some information might be gained
about the origin of the charges on the precipitation, I%
was in fact only possible to make a few recordings before
October 1962 but these showed 'same interesting features and .
it is intended to continue the work,
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Chapter It THE EOUIPHENT
The Equipment Required

As the problem was to investigate the rain currcnts and
potential gradients at the top snmd bottom of the meet, the
basic cquipment had tc consist of tv:o potential gradient
measuring devices and two rain collectors. A further
potential gradient measuring device was reguired $o provide a-
stardurd by cooparison with which the others eould bve
calibrated. As the rain curvent was known to be considerably
effected by the rate of rainfall, a rate of rainfall recorder
was also required.

Previcus workers {Ramsay . 1969, Yerry 1959) had used
rain collcctors of similar desisn t6 that of Scrase (1938),
collecting the rain in a shielded receiver and allowing the
charge carried by it to flov to earth through a Vibrating
Reed Electrareter, Ramsay had compared the currents registered
by shielded ana unshielded receivers and had fozmd little
difference between them. The shielded type haﬂ' the advantage
that aisplacanc—gat currentc and conductien currente were
eliminated, This was important as at tﬁe top of the mast
the potential gradient was exaggerated giving an increased
conduction current, As it was simple o construct and the
VRB's were available the design was adopted.

The simplest potential gradient measuring devices were the
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field mill and the agrimeter. The latter was simple in
construction and gave the sign of the potentiél gradient
without trouble, but would only cperate in high potential
gradients unless of lavge size. The field mill gave a
large output even in small potential gradients, and which
eould eesily be amplified as it tas in the form of an AC
voltege. However, with this instrument the Getermination
of sign gave considerable trouble, Thus an agrimeter seemed
suitable for use at the top of the mast where the potential gradi.
ent was very high, while field mills would be necessary at
the ground, The one at the bottom of the mast would have to
have sign discrimination, but the other would not as it would
only be used when conditions were uniform. o

It was desirable that the rate of rainfall recorder
should be direct reading and be sensitive to fates as lov ag
0.15 mm/hr. Conventionel recording rain gauges gave the
rate of rainfall fran the siope of the record and their
sengitivity was low, A nmore sensitive model had been developed
by Ramsay, but the rate vas again given by the sleope of the
record, However an electronic type developed by Adkine (1959¢c)

gave a direct resding and it was decided to use this method.

The Site and Mast
The mast, situated in @ field ebout 100 yds west of Durhsm
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Observatory was a three.pole strucﬁure»QOft high ang was

held up by guylines, A8 no ladder was fitted and there was
no platform on it previous workers had experienced trcuble
servicing equipment that hed déveloped faults, it usurlly being
necessary to remove the eguipment completelys In order to
simplify this problem it was édecided to £it all the eguipment
wvhich would be used at the top, to a nlatform Which.could

be raised to the top with ropes and brought down asgain if

eny faults arose. All repairs could then be carried out in
canmparative comfort on the ground,

70 this end a rectangular frame was constructed which
projected over one side of the top of the mast. Ropes coming
up from the movable pletform on which the equipment was
mounted passed through this and then down the inside of the
mast s0 that the platform could be holisted up to the top with
the assistance of a counterweight moving inside the mast.
iore ropes on the outsids of the mast facilitated lowering it.

Bozes containing the power supplies for the eguivment
and the VRE indicator units were situated near the vase of
the mast, Cables connecting the equipment to the Observatory
were carried across the field cn.short ‘7! ghaped posts so that
they would not get overgrown or accidently cut when the
field vas mown and at the same time would not be high encugh
gbove the ground to cause any serious. distortion of the
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votential gradient’,- especially in the reégion of the eali‘bré-
ting pite: |

The calibrating pit (Fig.' 1) was about 100 £t from the
mast and as far as possidle from the nearby trees and fences in .
order that the potential graﬁient near it would be as 1ittle
distorted as possible, The pit was covered with a met-al-
plate level with the ground so that a field mill fa&i’n‘g -up
through & holé in the middle would measure the Ynatural®
potential gradient undey the same conditions as vhen it was
calibrated, | - s

Unfortunately, before all the equipment was ready for use
the guys of the mast became slack and it became slightly
twisted, As the firm vho originally supplied it had gone out
of business,; experts from other firms were cehsnitéd and
they declared that although the mast could be repaired they
would be unable to do the work as it was a type of mast they
vere not used tc and its fittings were not standard,
However the Electricity Board offeréd to suppl;v e tover such as
they used for power lines ané which had no guys. This was
normally -ohly 36 £t high but could be fitted with a 40 £t
extension to bring it up to 75 ft. |

In due course this vas erected on the eite of the old

mast (Pig. 2). - Unfortunately it proved difficult %o climb,
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but a special ladder was ordered and pending its érrival a
temporary'ohe was £itted. A platform was also constructed
to facilitate work at the top. This was a robust structure
4 £t. sguare with the top 5 £t of the tower projecting
through it. In view of the comparative ease of working that
this provided it was decided not to construct another pulley
syatem but to fasten the equipment directly te the touwer.

All the eguipment uas then installed except for the rate
of rainfall collector which was still incomplete, ' The
agrimeter had previously bemcalidrated in the -pit to-aveid
hoiating 1t up and down more than was necessarye.

Unluckily, only six weeks after recordings were started
the tovwer was dlown down in a gale, the guats epparently
responsible had speeds of over 85 mph. ‘same-eqninmént
vas Qamaged, but in the wain only superficially, although
the tower was béﬂly battered, Portunatcly it was possiﬁle
to.salvage wost of it and thelﬁlectricitynaoar& very soon
began reconstructing it, but when it was 16 £t above ground
work stqppeavthrbugh.lgok of skilled men and was not
recommenced until it was too late to do any further becording.su

The Rain Collectors
These were constructed on the_same lines as those of
Scrase {1938) but without the tipping ducket arrangement (Fig.

3). The imner cone was electrostatically shielded as well
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as possible to reduce the pot'ent.ial gradient at its sm’:':"ace
in order o eliminate displacement currents and to reduce
the spurious charges produced by drops splashing in a
potential gradient, This cone vhich was ¢to catch the rain
was conatmeted of zinc csheet eo that the joints could de
soldered to make them waterproof., The cable from it to
the VRE Head-Unit was clamped firmly to a supporting gi.r&er
to prevent any microphonics.

The insulators were kept dry by sealing the " Joints in the
conical shield with Araldite to prevent wateyr running onto
them, and by providing heaters to evapérate conéensation.
These consisted of two 100 w light bulbs wired in series
to lengthen their lives and enclosed in earthed aluminium
voxes to eliminate mains pick-ups |

The VRﬁ's used by previous workers vwere in good condition
and after a few winor repairs worked weli. They were used
with the rain collectors als DC amwplifiers measuring the
voltage genecrated aerosé a high resistance by the rain current
as it fiowed to earth through it., The Indicator Units
were housed in & specially designed box at the foot of the
mast as they cculd ﬁot be separated from the Head Uinits by
more than 200 £t, and their cutputs were taken to the
Observatory along shielded cables,






The Pield Kills

™0 of theee were needed, one with oign discrimination
for actual observations and another for use as a standard so that
the exposure factors could be dcteérmined, As slpeady notéeed
this one did. not need any means of sign discrimination,

The ¢ype developed by wWhitleck {1935) appeared the most
suitable and the group was experienced in its use, It
consisted of cross shaped collector plate and roter -and
incorporated an elec%réstatic generator operating synchroncusly
#ith the rotor and rectification was effected by & phase
sensitive detector (Schuster 1951).

The vanes and motors were taken over from machines used
by a previous worker, They were mountefa on a plate wvhich |
was supported by anti-vibration mounts on the main chassis.

The chassis was constructed of steel angle and designed %o
mske the interior as accessible as noeBible, The motor

wes shielded to prevent pickup and the cathode followers (Pig,
6a) mounted in clastic bands on cne side of the shield and a
emall power pack on the other (Fig, 4)e

The amplifier was adapted from a design used by ﬁi.':l.x_xer
{1961) (rig. 6), The Sehuster circuit was ineluded in the
feedback loop in the m,,x';ner of Whitlock, For the "eal-i’bratiné
mill' only Milner's circuit was used, ,

Previcus workers hed experienced some difficulty with
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the rectifier since fluctuations in the size of the reference
signel had a considergble effect on the amplification and also
caused zero deift. It appeared that humidity hed some
effect on the pize of the aignal, but as.no mesns could be-
discovered to keep it csnstant it vas decided to shape it
electronically, This was done by amplifying it to zbout 40v
and then 'limiting? it by passing it through ¢wo diodes which
were biassed to cut off at +5v and -6v (Pig, 5v)., However
this 8id not operate ve;:.'y satisfactorily, probably because
the dicdes were operrting at thé intermediate part of their
characteristics so that they were acting as varigble
vesistors. Decpite this sowe improvement was made on
¥hitlock's instrument for which he gave the drift to dbe 108
-of fuall scale for é. 204 change of reference signal smplitude,
Following this rather unenec,essml attpt other metheds
of sign discrinination were eonsidereﬂ. Tae simplest
appeared to be that of shifting the zers by weans of a
synehronous auxillary generator waich gave a Yzéro signal'
of constant size and phase, but much larger than the mazimum |
expectcd output of the mill so that for positive potential |
gradients the signals would add and for negative potential -
gradients vhere the mill signal changed phase they would
subtract, This meant that the resultant never want down to
zero. The greatest difficulty with this method would have
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been that the auxilliary signai would have had to have been
constant to within very narrow limits, for if the will was
to measure potential gradients between only +i000v/m and
~1000v/m and was expected to have an aceuracy of &% in the
renge 450v/m the magnitude of the auxilliary signal would
have.to be constant to better than 0.3%. If a more versatile
ingtrument had veen required which would have measured the
high potential gradients occurring in very disturbed weather
an even greater accuracy wouldé have been required, In
addition it would have been necessary fop the auxilliary signal
to have been as closely as possible the ssme shepe as the
will signal, for, in an extreme case, if the auxiliiary signal
had been a square wave and the mill signal in the férm of sharp
rulses the signal would have added satisfactorily, but the
difference would have had the same amplitude as the auxilliary
signal and so any negative potential gradients would have been
recorded as zero. -

This indicated that diffigulty wight be experienced
with an electromagnetic gencerator. An electrostatic generatop
of the same design as the rotor-stator assembly could have
been used, or the rotor-stator assembly itself would have given
a zero signal if a voltage had been a@p;ied to the rotor.. In
eithor method varintions of the voltage cr of the rotor-stator

separation would have caused fluctuations in the signal
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amplitude. Although 1% would have been possible to

ntabilise the voltage. by using a conventional stabilising
circuit, the _inevitable slackness of the motor bearings

would have caused variations of the rotore-stator aepaéatim.
It séemed probable that this would have given rise to

- quite short term fluctuations which it would not have

‘teen possible to foliow even by quite frequent zero checks,

The most accurate instrument of the field mill type wviould

have been one consisting of only the rotor-stator assembly,
amplifier, simple rectifier and recording system. Additional
équipment to determine sign would have introduced inagcuracies
in the form of zero drift and amplification changes.
lthough it might have been possible to take account of

these by frequent use of a "test plate® to cover the mill

and produce a known potential gradient, aueh' a process would

have wasted recording time and either iwposed a considerable

burden on the experimenter or required a quantity of

eutomatic equipment, |

| It proved possible to dsvelop an instrument which

operated as well as a simple one without sign diserimination, but
which nevertheie_-ss gave the sign of the potential gradient by

mesns of an *indicater' similar to that used by Helan and

Schonland (1950) who increased the area of their collector

and thus increased the cht-.put at the beginning of every ninth
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covering operation, .This enlarged the peak or trough of
the corresponding Qave, depending on whether the potential
gradient was positive or negative, They recorded by
photographing an oscilloscope trace since they werelinteresteﬂ
. in very short term fluctuations. As such an indicatop
would have had a fregquency of about S0c/s 1t-wuulﬁ have been
recorded on a f£ilm moving at lcm/min merely as a zero deflection,
In order to obtain an indicator with a suitable time scale
a different procedure was followed. Thie was to ﬁake the
output of the mill more positive for a few seconds every half
minute, '
This was done with an auxilliary generator, actually
the rotor end stator with a voltage applied to the rotor
by connecting the earthing bruches to earth via a vattery.
The voltage'wae not sufficiently high to make all potential
gradients appear to be of the same sign‘as in the instruments
already mentioned, but only enough to give a slight shift in
the positive'direetion. The effect of the voliage can be
scen by considering the theory developed by Whitlock (1955),
yhen the stator is fully exposed it has a bound charge of:
g, (n-r1)5 4

There E is the potential gradiemt, N the number of vanes, rj,

5o Hh8 1BLERDS3oPASa BH EREIVERY AhaoFalle VARER+ABS.Taths FRS1e
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fully shielded this beccmes:

LY-n)Ye

Vhere V is the voltage on the stator and é@ is the rotor-stator
peparation. V/d corresponds to the artificial potential
gradient applied to the stator by the charged rotor, At an
intermediate position the bound charge is:

GEr Yt » £ Y(rir) Y(gt) (o) Y (Ewt +5 - Yut)

w/H is the angular velocity of the rotor and t is the time
from the beginning of the shielding. This gives a current of:-

() v(e-Y

If the stator has a resistance R and capacitance C to earth,
Whitloek shows that when a steady etate has been reached the

peak voltage across R is:
! -r '
,-e /NwR(.

&WR 2’ (’f‘ﬁz)( 31 | +e WawRcC

8Since R is made very large this approximates to:

Lo (2-r)Ee-¥) %
Thus VR‘" D-V/d

Aa the value of v corresponds to the amplitude of the
output signal angd the A-gn only effects the phase the amplifier
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output gives the modulus of v, ise. Je-v/af.v/é is usually
much smaller than E 8o that for positive E [2.Vv/d|)> |'E)
and for negative E [E=V/4f ¢ .|El.: 1If the voliage supply is
only comnected in for a few seconds at a time then noywally
fE/| is recorded, during the short interval vhen [E-V/4[| is
pecorded it chows as a pulse either ebove or below the iine
corresponding to [Z[| depending cn the sign of E.-

The pulse was made to be of short duraticn so that the
record of |E[ was effectively continuous and durins most of
the tim e the instrument wae operating in its simplest
condition sc' that its performance was as reliable as
possible. The voltage for the pu.iées was taken fyrom a
potential divider acrvoss a 1.65v celli. The values of the
resistors used had to6 be guite low es if the resistance of .
the rotor to earth was more than a few hundred ohms stray
charges from frictional or other effects werc not removed
repidly enough and the signal became *grassy’. The pulses
vere produced by ‘a change~over ewitch operated by a synchroncus
motor. .'.i'he switch was of the "mék&before—break' type to
avoid isolating the rotor from earth for any part of the pulge
(Figs 7h)s The pulses produced by this means were approximateély
square which was suitable for all but small negative potential
gradients, Fér if the potential gradient was negative and
less then the Dilse height then the application of a pulse
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made the resultant apparent potentisl gradient pesitive and
possibly greater than the original negative potential
gradient, This gave a small positive pulse which could have
caused ambiguity of eign. ASs the pulses had a finite rise time
the apparent potential gfaﬂient.fell to zero before rising

to give the positive'pulee'and this would have got over the
ambiguity i the recording systeﬁ had hed a sufficiently

short response time, .As it had not, it was necessary to
lengthen the puleed’ rise time ﬁy giving it a saw~tooth shape
by adding a large condenser acrqss.thé resistor in the
potential divider, so that the voltage across it rese slouvly
when.the-cell-waa connected (Pigs. 70, 8). It was found

that a time constant of about 1 sec was hdsded before the
recording system shdaeé the change in direction of the pulse,
The pulse unit was housed in the box at the bottom of the mast.
together with the 25v DC supply for the motors and these

were connected to the mills by six cbre-cablea.

Some trouhle-wﬁs experienced with pickup from the miil
moﬁors; It was at first intended to use the motér DC supply
for the valve héaters but during trial runs a large amount of
sparkiﬁg was apparent on the output, and apparcntly opiginated
on the commutator. ' Some of this was found to be transmitted
via the valve heaters but scme sppeared at the input to the
valves Thias secmed to be due to imperfect earthing of the
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motor case which had been isolated from the chassis of the
mill and earthed through the rotor brushes. This was siupler
than isolating the rotor from the shaft which would otherwise
have been necessary for the application of pulses, Pichkeup -
from the commutator Wae being conjucted tc the rotor and there
inducing & signal onto the stator., Thies was reduced considerabl
by insulating the rotor from the shaft with a specially mede
bushzand the slight residual removed by putting é smell
condenser across the cathode resistor of the cathode follover.
The mills were uounted on stands so that they faced dowvnwards
to prevent the accumulation of rain on the vanes, and guard
rings were attached round the vanes to prevent it getting

on the iﬁsulatian..

The Agrimeter and the Rate of Rainfall Recorder

Both these instruments were constructed by Raisbeck and
he gives a full zccount of them in his thesis, but for
completences they will be briefly described here. The
agrimeter, (Chalmers, 1953), operated by exposing an
earthed plate to the potential gradient vhich indueed a bound
charge onto it, The plate was theh disccnnected from earth
and chielded from the potential gradient and its chargé allowed
to flow to earth through a galvanameter.' Thiz sequence
wvas repeated rapidly so that a current fiowed through the
galvanom eier, its magnitude indicating thé strength of the
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potential gradient. The instrument vas l_nade congiderably
emaller then Chelmers® since 1t was to be used at the top of
the tower where _trie potential gradient was coneiderably
distorted. After suitable adjustment of the motor speed ..
end protection of the signal plugs from the rain it gave liet.ie
tmu"hle-a | |

The rate of rainfall recorder was Geveloped by Afikins
(1959c) and conststed of a funnel into which the rain fell
and from which it cmerged as a train of equal sized drops,
the frequency of which géve the .rate of ra:lnfall._ The droﬁs
were made to form an electrical ¢ontact between two wires to
give voltage pulses, the frequency of vhich was measured

-electronically.

The Recording sttem

The best means of recor&ing available was to use galvanow
meters and a camera with & moving film, Suitable instruments
were found and set up and after consifderable adjuatment vere
made to give ..mces which were as fine as possﬂne 'but which
also had different. intensities so that it was poasable to
recognise the records of different instruments. ‘l‘he.
lens of the camera haed a ecale scratched on it so that
vhen the whole £ilm was darkened by means df a ‘fogging lamp!
a series of' lines was produced to give a means of measuring
deflections across the paper. 4 time scale was produced
by sultching off the 'fogging lamp' for a few seconds at
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half mimate intervals. fThic was done by a switch coperated
by a csynchronous clock motor.

This equipment was set up in a recording rcom at the
Observatory that could be kept permanenaly dark. The
galvanometers were mnunted on & pillar with Sindependent
foundations so that vibrations caused by movement in the room
would@ not e€ffect them. Tﬁe sensitivities of tho galvancmeters
wvere adjusted by means of Ayrton shunts, The values of the
shunting resistors could be varied with a selector switch to
give a series of sensitivitiess These proved adequate for all
recondings that were made and it was not necessary to alter the
gain of the amplifiers. The switches were wounted on a
monitoring penel, on a rack together with the explifiers and
other electronics (Pigs. 9). Also on the monitoring panel
were microsmmeters to show the outputs of the instruments,

8o that suitable sensitivities could be chosen, AS the
cutput £rom the agrimeter was too small to register on o
microammeter its cutput Qas.ahown on a high sensitivity
¥Scalamp', hovever even on this it only gave a defleetion of
1 cm for a potentiel gradient equivalent tb'aaOOv/m at the
ground, QNevertheless, this was sdequate fbf-the sélectien !
of sensitivities,

The rack holding the electronic equipment was situated

in the corner of the 1ﬁboratbrv where the cables were led in
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from the £ield to minimise the iength of cable used, and se
. that & good view could be obtained of the weather conditions
in the field while monitoring the equipment.






Chapter IIT
7he Rain Colleectors

As the current procuced by the rain was found dy
measuring the voltage generated by it across the high input
resistor of the VRE; 1t was necessary teo calibrate it in
terms of the input veoltage and alsc %o measure the input
resistors The VRE was aluays operated or the 300 nv |
range and only exceptionally 1arge currents would give faull
scale deflection, so that the amplifier would never be overe
loaded and it would be possible to change the sensitivity
without leaving the 0baervato§ya Prequently the output wae
amall, but the géiﬁanameter used was sensitive enough to
record it. | |

The voltége caiibration of the VRE was performmed by
shorting out the input resistor to avoid spurious eignals and
inserting knouwn volt.ages im;o the feedback 1oop via a specaal
calibration socket {(Fig. 10).

The mp.ut resistor was carefully removed from the head
unit and.its value found by éllowing & standearé condenser
to discharge ahrbugh it for given times and then finding
the time constant of the éombinatiom From this, as the
values of the capacitance and leslkage resistance of the
condenser were known, the value of the resistance could be

calculated, The values of the resistore used were qnot.ed-



by the mekers to be 1019, ¢ 20%. The neasured values were
1,08 x 10190 and 1.07 x 103°%4 wnich had an estimated
ervor of + 27%.

When the recording epparatus vas £first connected some
difficulty vas experienced as the ocutput of each YRE
appeared to follow the réading of the other, even if one
of the VRE's was not switched on. They also gave a large
ZEro aeflectiqn. The connections to the galvancmeters were
made vis coaxial cables, the shields of vwhich were comected
to the chassie of the VRE's, to a plug board in the
connection box neay the tower and to the monitoring panel’in
the Observatory. Both this and the VRE chessis vere
earthed to the 'mains' earth pin,

These effects disappeared if the vhole recording aystem
was disconnected at the VRE outputs. It wvas found that when
the two circuits connecting the VRE's and galvanometers, were
isclated frqm each other the VRE's ceased %0 follow and if
they were discommected from.earth at all poipts except the

chassis of the VRE's the zero deflections disappeared. These
were asparently cesused by currents flowing in the earth lines,
probably generated by contact potentials at the various
earthing points{in the circuit.i

' M0 gvoid the possibility of a similar effect occurring

in any of the other egquipment the 'mains' earth comnection to
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the monditoring paﬁnel was removed, so that the eqnipment'was
only earthed frcm the connection box near the tower.

' ghese effects having climinated, another spurious effect
beeame apparenﬁ. ' A large ﬁeflection appeared which shouved
léng term fluctuations even when there was no rain, but it
uas dbnerved that it increased noticably after a heavy rain..
uhan the heaters in the collectors were switched off the
deflection sbowly fell to zero and returned gradually to its
original value when ﬁhey were switeched on again, recovery
taking about a quarter of an hour, This suggested that
evaporation of theiwater that had been collected in the éona
hay have caused the effect. but wﬁen the cone was emptied
and dried out the deflection perlisted.

This spuriuus deflection had only occurred since the
collectors were moved %o the Observatory. During trials at'
the Science Laboratories.their perfbnmance had been satisfactory,
The only difference in conditions was that at the sciencéxzabora;
tories they had been standing on sheets of metal, vhereas
at the Observatory they stood on the grass with open bases.

It vas found that vhen they were agaiv placeé on metal sheets
the deflection disappeared. The necesaity of heat and grass
and the dependence on rain suggested that evaporation from the

grass, but not apparently from the metel, caused & charge
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separation which ggve riee to a space charge some of which
was picked up by the cone., This explanation ceemed
improbable as no direct evidence had ever been found that
the evaporation of water gave any electrical effect. it
would have been interesting to havé investipgated the effect,
but as it was not relatgd to the work in hand it diad not
- appear justifieble to spend any time on it.

After these effects had been eliminated no seriocus troudle
occurred, Some previcus workers had found tﬁat the
ineulation was freqﬁently shorted by spiders spinning webs inside
their coilectors, but spi@ers'&id not appear_io favour the
conditions inside the collectors used, possibly the temperature
wae toohigh for them. Tﬁe‘heaterS‘were of higher wattage
than those used by earlier workers. Breakdown was only
rarely caused by insulation getting wet, although at one
stege a legk in the cone caused frequegﬁﬁbreak&oﬁn,‘but

this was easily repedied once the cause had been determined.

The Agrimeter end the Fiecld Mills

Both field mills and the agrimeter were calibrated
‘between two large plates, The lover plate hed a hole cut
in i¢, so that the vanes of the mills or the top of the
agrimeter viere level with the surface of the plate, Voltages
were applied acrose the plates and knowing their separation,
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the relation could be found between the potential gradients
thus produced and the outputs of the instruments (Figs. 11
and 13).

The use of the calibration curves thus found would not
in practice give the potential gredient at the ground or at
75 feet, on account of the exposure factors of the instruments,
the potential gradient at the top of the tower being increased
by sbout 100 times that at the ground. This increase was
caused by the distortion of the lines of force by the
tower. In order to determine these exposure factors, the
*calibrating mill' was placed underneath the lower _
_calibrating plate with {te vanes level with'the surface. The
calibrating plate hed been sunk into the ground so that it
vas level with the surrounding field. Thexpotential gradient
measured by this mill would not be Gistorted in any way
and as it was operating under the same conditionsg as when
it vas calibrated the value of the potential gradient
could be found accurately from its calibradion curve; The
other two instruments ﬁere mounted in theip operating
0ositions and ail vere run simultaneocusly. A clear day
when there was no cloud was chosen, sinee under such
conditions no space eharge'wnulﬁ bte expected, so that
there would be no variation of potentiai gradient with height
and all instruments would record the same potential gradient,
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By comparing their outputs the exposure factors to be
applied to each instrument was determined. These were
found to be 17.5 for the agrimeter and 0,68 for the mill
at the bottom of the tower, the value for the agrimeter was
rather surprising as the exposure factor of a similar machina
on the mast had been given by Kiriman (1956) es 126, The
difference was probably profiuced by tx;e gecmetyry of the
tower with its wide platform compared with that of the narrow
mast, and by the position of the agrimeter, as it had
been mounted close to the base of the collector which
would have shielded it from the potential gredient to some
extent, |

Both the mills and the agx-imetezf proved .a_at.téfactozw
in use, The agrimeter gave little trouble except that vhen
the collector near it was zeroed by putting a lcosely fitting
plate over it to keep out the raim the vibration 1n the nlate
cauced by the agrimeter gave rise to a rather graeéy cutput from
the collactor. The agrimeter's zero ocutput was negligible and
showed no variations except on one occasion when dampness in a
?lug connecting the instrument %o jits cable gave rise to
a large zero drift. This was probably due to contact
potentiale,

Host of the difficulties with the mills appeared to
originate in the motors.s The cparking from the commutators.
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has already been mentioned together with the steps taken to
eliminate its effects, The motor of the calibrating mill

did not operate very satisfactorily as it vibrated eonsideﬁably,
Thié‘was not campletely avsorbed by the anti-vidbration mounts
and, on 6ccasiens. resulted_ih fluctuations in the ocuiput. As
this mill was not used normally to take recaras.thzs was

not serious and for comparison of the outputs of the different
instruments for calibration any parts of the record effected
could be ignecred, then this mwill was not in use another
'motor effect' became apparents If the *recording mill*

was used alone with the 'calibrating mill® cwitched off the
output. of the ‘recording wmiill' was larger for the same
potential gradient than when both mills were running.- This
vas atiributed to the speeding up of the motor since the

24 V¥ D.C. pover gave & slightly higher voltage when the
current tasken from it was decressed. This effeet was not

in agreement with thitlock's theory vwhich showed that

the output was independent of the motor speed.

These checks of zero and calibration voltage were made
yith a small ‘test plate® that cculd be fastened over the
vanes and to which.a veoltage could be applie@ giving a known
potential gradient, On one occasion when a long zero

check was made two slternating zero outputs vere apparent.
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¢ne of these was the seme as the gaivanumeter zaro and

each one lasted for a fow minutes, When the signal was
observed on an oscilloscope, the deflection was seen to be
caused by 50 ¢/s pickup which vanished for intervals of verying
length, This pick-up was present even vhen the mills were

net working whﬁch'suggestea that it originated in the cables
between the mills and the emplifiers. It was intended to
install tuned filters to climinate this but they were not

ready for use bvefore the tower fell down, | )

The syatem of sign discrimination worked well, The only
dravback was that the cam opsréting'the switches became worn
down so that the iength of the pulces changed, This wves
easily adjusted and caused no 1oss of recordings but 1t would
clearly have becn preferable to use a reley, Which wouid not
have got out of sdjustment so rapidlys A relay would aleo
not have cuffered from another defect. This was that 1f the
can was étopped just as it was ebout to operate it would not
- start up again as the load on 1t was tco great,

The Rate of Rainfell Recorder

This was_calibrateﬁ quite simply by allowing water to
Tun into the collecting cone at a known rate and recording
the qutput, The corresponding rate of rainfall was easily
calculated from the drea of the ccllector and the rate of

supply of water,
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" As the instrument wvas never used its performance
could not be tested.
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Chapter IV AUXILLIARY EXPERIMENTS

Compensation for Displacement Currents
The collectors had been. designed to6 reduce the potential

gredient at the imner cone in order to eliminate displacement
currents and spleshing effects, However the potential
gradient at the top of the mast was so intense that digplace-
ment currents were clearly shown (Pig. 13) end were of a
magritude compggable vith precipitation currents. AS this
effect eould under certain conditions have masked the true
precipitation current it was decided to apply a cerrection
for this end the conduction current. This could have been
done electronically using the output of the'agrimeter, {Adamson,
1958), but the adjustment of such eguipment would have been
@ifficult and would probably have taken a long time as 1t
would only have bYbeen possible in cornditions when thée naturel
potential gradient was varying rapidiy. Adamson used an
artificiel potential gradient with a c¢alibrating plate over
the apparatus; but this wag net possivle on the tower. The
simplest method thus appeared to be the use of a correction
term caiculated fram the potential gradient and its rate of
chenge. |

Since the value of the potential gradient in the cone
could not be determined a correction factor could not bve

derived theoretically so an empirical one had to be found,
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For this purpose simultaneous recordings were taken of. the
potential gradient and current at the top of the tover on a-'
dey when there was no rain end many smsll cumulus cloude were
overhead co that the potential gradient was varying rapidly
-giving displacement currents that were large and clearly
defined and g6 cculd be measured accuratelys The general
formula relating displé.cemené end nondﬁctian currents to tixe' 1
potential gredient and &ts rate of' change could be aeiiued .
theoretically and the observea values used f.o detemine the
constants involved.

The relaticn between t.he conduction current snd the
potentinl gradient is: 1, = A P | |
vhere F is the potential gradient, 1c- is the conduction current
emd A 4o the conductivity, The r’éiaf.i-on betueen displece-
ment curreat and potential g!_'ad:lent iss i3= & 'é'g:‘ |
where €, 4ic the permittivity of the air, |
When interpreting the record it was usual . to toke values
averaged over half mimute intervala, and it would have been
aifficult to measure the slope in this way so that a value
of EE would have been difficult to otitain, However an
appraximat:lon wvas mede by £inding AF. the change in potential
gredient between the beginning end end of the interval, the
relation now becoming: i3 = KAOP.

vhere X ‘:l's a constant.
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1f we now teke into account the differences in the values
of the actual potential gradient at the surface of the cone
and at the agrimeter the total current is given by:

i = 4,+3; = AP ¢ BAP

there A and B are constants and 4 1s averaged over the
interval, An eguation of this type was found from the record
by means of ordinery regression methode,

The equation was found to be:
i = (0,015 F + 0,048 A P) x 10732

This method of correction is unsatisfactpry for several
reasens, Since it involves aepplying the corpection toeach
half minute resding the computation invelved is considerable
unlegs conditions are exceptionally steady., It is alse
recessary to measure AP in addition to the other 4data.
tiore sericus are inamccuracies in the correction formila,.

These can arise from two ccuses, firstly, there is evidence.
that the conductivity in rain would not de the same as in the
fine veather vhen the measurements wez'e.maﬁe. The second
gource of inaccuracy in the ethod- of determining the values
of the conctants fram the recordings. This assumes that there
is no error in the values of P end A PF, BSuch an sssumption
is clearly unjustified, but there Goes not appear to be a
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more suitable method of finding the constants in an

eguotion of this type,

The

plashing of uater Dropsg

It bad been noticed that ocn the record of the
precipitaticn currént at the top of the wast occasional
very highly charged drope had been recorde@, = These were. always
of opposite sign to the potentisl gesdient. It was suspected
that these may have been caused by drops shattering on the
edge of the collector shield. 70 investigate this an
independent esperiment was carried out to £ind the effects
of splashing under conditiona similar to those in the
colilector,

The eguipment (Pig., i4) consisted of a small aluminiuvm
plate surrcunded by an earthed guard riang adove vhich was
fixed o second plate the same size as the guard ring and
having a narrow slit across it. A voltage could be applied
acroga these plates and drops from an earthed water
dropper allowed to fall through the slit onto the small plate,.
This plate was comnected to the head unit of a VRE with which
the charges could be measured. The vhole was shielded to
prevent stray charges belng induced onto the plate, especially
by the man-made fibres of the experimenters? clothes. |

For the first experiment Grops were allowed to fall onto

a variety of surfaces, namely filter paper, water and slumintum
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sheet, In the last case it wes found necessary to dry the
sheet after each drcp had fallen; since otherwise & large
pool of water aceumulated, This effe_ets.-vely transformed the
aluminium into a water surface,.

It was found that using the filter paper and alvminium
the potential gradient did not apprecisbly effect the total
charge carried to thelplate_., In these cases iittle splashing
occcuPred whereas when the water mrfécé was used there was
aluays splashing anfl a clear relation between pote‘ntial
gradient and charge was shown (Fige 15)s The *zero® value
of the charge was probably due to a charge on the original
drop. Atterpts were made to check this by allowing the |
dreps to fall through an induction ring and méasurlng the induéed
charge as the drop apprdachéd, but the equipment was not
sensitive emmghfo measure its charge although it could be
seen that it carried one, | | .

' 7he results aﬁpéarea to .'bé in ag%-éement with those of‘
Adkins, (1959v), who i‘ound a direct relation between charge
and potential gradient. 'I’he low vaiues for the a‘l.uminium
plate provably reflect the low velocity cf the drop, it faﬁ
sbout 60 cms and d4d not oplash greatly. Adkins hed found
that the drop needed to attain a 'threahald' veloe:lt.v ‘before
any charging occurred.
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The second part of the investigation was concerned with
charging resulting from the splashing of drops when they
gtruck the edge of the earthed shield, In the collector
itself the shield was made of aluminium, so in order to
reproduce the splashing @# securately as possible a sloping
aluminium plate was fastened t0 the edge of the guard ring
and projecting over the central plate, (then a drop shattered
on this edge some of the droplets fell onto ihe plate and -
their charge was measured with the VRE. Tﬁe charge reaching
the plate was found to have an inverce relation to the potentiasl
gradient between the plates and the charges were considerably |
higher than those recorded in the first experiment (Pig. 16.)
An attempt was made to compare the charges cbserved in
thic experiment with the peaks on the records. The heights
of the peaks on part of a record taken in a failrly steady
potential gradient of agbout 200 v/m corresponded te .. mean
charge of ebout 5.6 puCe In the laboratory expsriments this
charge would have been produced in a potential gradien: of
5000 v/m. There was no means of measuring the potential
gradient inside the collector so a diréct corparison could
not be mede, but assuming that the splashing did cause the
charges the potential gradient at the edge of the inner cone
would have had this value. How the exposure factor of the

agrimeter UAS 17.5 so that the exposure factor of the conicsal
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shield would have had to heve been 26 to account for the
differences in the petential graﬂients: The agrimeter was
faimnyllow doun beside the collector and would have been
quﬁte well shielded by itg so that the exposure factor of
the collector as a whole would have been greater than 17:5,
probebly 50-100; This implied that the shielding of the
collector reduced the potential_greﬂient at the éenicai i
shield to 1/, of its value ocutside the collectors As Scrase
{1938) gave the value of the'patentiél gradient at the inner
cone %o be 1/50 of ite value cutside this appeared a
reagonable figure and suggested that the original assumption

- was correct.

Following this tests were carried out on variocus materials
that were readily available with a view to finding a suitable
padding for the edges vhich would prevent splashing,

A piece of split rubber tube pilaced along the edge gave
even larger charges than the aluminium alone. Pelt clipped
round the edge made little difference; but a thick wad of
tissue paper or gbout 1/4“ of foam rﬁbber eaused a considerable
reductions ~In the last two cases the charge released by
each drop increased as wmore drdps éere elloved to fall,

This was probably due to the nature of the surface chanSing
as the material became increasingly waterlogged, and after
the first few drops had been abserbed with very little
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éplash.’mg the rest struck a surface consisting largely of
water and splashed badly (Fig. 17). Pedding of this type
would have reduced the current due to splashing on the edge
& light rain, but would hqve become waterlogged rapidly in
heaxfier rain and lost its effectiveness, An ideal material
would have been one that was soft enough to prevent |
splashing end was also sufficiently porocus to provide good
drainage in order to avoid the sccumulation of water on its
surfaces

These experiments were conducted after the tower was
blown dovm, so it was impossible to make use of the findings. -
Puring the time vhea recordings were made neither collector
had any padding <n the edge of its shield, thhen the traces
or the photographic records fere measured allowance was made
for splaching effects by ignoring the occaeional exceptionally
large deflections which were assumed. to be caused by splashing
on the shi.eld-.,
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Chapter V IHE RESULTS
Introduction

As has been mentioned several times alreafy it was
only possible to make recd,x'dinge for a period of a few weeks,
This consisted of the latter half of May end most of June 1962,
June vas in fact an unusually dry month with only 608 of its
noymsl rainfall. However recordings were made on eight
days when rain fell and on five of these scme of the records
vere guitable for analysis. Of the remainder the rain wgs
eametimes in the form of showers which was unsuitable or too
muach of the equipment was functioning unsatisfactorily.
Sometimes too, rain appeared imminent dbut failed to materialise
-aftér recordings had been started. A |

o standard of duration vas laid doun for dgtemibing '
whether the rain should be classed as continucus or not, but
any rain that vas steady in ché.racter,- rather than showery,
and vhich camefrom a layer type of cloud was accepted.-

After this selection only two 1oﬁg records and |
three short ones were left. Tﬁese covered a total of about
15 nours of which the twe long pericds oecupied 8% and 33.
in view of this it appeared that it might be prefersble to
analyse the records ingdividually since if they were ali taken
together the longer recorde would predominate so that 'the
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mean would not be very representative of average conditione,
in sddition any differences between the records would be
maskeds, As the shorter records only covered a period of
about three hours they were considered as a single record.
The pericds for analysis were thuss
1. 19th May, This record lasted for 8% hours (9.30 a.m,
to 5.45 pem.) and tﬁe rain wes associated with e deep
depression which was moving across the South of mgiam'i. 'The
rain was not exceptionally heavy averaging 0.015 m/mi.n and
the potential gradient wee predcminantly negative although at
first there were some positive excursions lasting f'ox"l -about |
20 minutes. It was at this timé that some water éoﬁ ins;de
& plug in the agrimeter producing a iarge zero deflection,
Fortunately this rapidly steadied‘ end despite later disturbances
apparently csused by the pénetration of more water it was
posgible to ksep track of the Zero by frequent use of the test
plate, Houvever the accuracy of the potential gradient |
recorded by the agrimeter for this period rust be regéz-ded
with some suspieion. During the latter part of the record,
£rom sbout 2,30 pem., the potential gradient rose to very
high values so that point discharge must have taken place
both from the tower and frem nearby trees; This would have
produced large quantities of space charge so that the
conditions would have been altered. In view of this the
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latter part of the record was not used. Also about G,Sﬁ.p.m,
the upper collector sprang e lesk rendering the currant
measurements useless,: :
2. 16th June, This marked the passage of a warm front
end rain lasted £rom 2,30 PJ0s $0 6,15 p.m., and was quite heavy,
at one time averaging O.1 mm/min for nearly en hours The
overall mean rate of rainfail was 0,03 mu/min, This record also
differed fﬁcm the first in that the -potenti-al gradient was
positive except for short intervals again in the early part.
It was probably the most reéliable record as it was the last
one taken when all the eguipment was in hs best condition and
most of the faults that had ceme %o light had been remediefs
3. The rema;inﬁer of the suitable records were all associated
with depressions: The meteorclogical conditions varied
and both positive and negative potential gradients were
observed,  They were made on the ilth i7th, and 22nd of May
and in all lasted for nearly three hours., - On the first two
days the tower ccllector's VRE éas not working satisfactorily
and on the 22nd 1t aleo broke down halfway through the record,
This weant that only three of the four parameters could be
compared with the other rccords. '

The method of apalysi was fairly strgightfemarﬁ.'
fter the £4lms had been developed zero lines were drawn on

them using both the zero positions recorded and in the case of
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the w11l the cusps corpesponding to a chenge of sign. AS
the record was being wade notes had been taken of the times
of all sensitivity charges end theée could now be located end
cléarly marked,’ This often px-oved to be difficult in
the case of the c¢ollectors on account of the rapid variations '
caused by the different c¢harges on individual drops coupled
with the comparatively small collecting erea, - The vglue of
each of the paramgtefé vae averagéd"iay ‘eye over bRlf n;inu‘ée
intervals and measured using special rulers which had been
calibrated from the instrument calidration curves. This
enabled the values to be read off direetly thus avoiding much
of the conversion which would have been necessary otherwise
The values obtained in this way weré tabulated and the
correction made to the upper collector reafing for displacement
end conduction currents, Differences between the upper aﬁd
lower currents end potential gradients were then found.
Assuming that the instruments had been calibrated correctly
these corresponded to the charge gained by the pein in fallling
from the beight of the tower to the ground and to the spacé chamg
below the top of the tower,

In order to see more clearly what had been heppening »
the parameters were plotted against time with all the
parameters on the same sheet of paper sc that any relation

Detween them was more obvious. UWhen any interdependenee
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between two parsmeters wes seen they were plotted again,
againgt each other to form a scatter diggram, 1t could then

' be decided if the relation was close cnough to justify
gtatietical anaiysis, In piractice gll the parameters sppeared
to be linearly dependent upon each other, end the large
mmber of observaticns made the degree of atatistieal carrelatio:
nighly significent despite a very wide scatter,

The calculation of the 'best straight 1lines® through
the scatter diagrams was considerably simplified by dividing
the diagram into about 60 squares and treating all the points
in each square as if they were all at its centre,

Initially the 'best straight lines' were found by means
cf the usual regression formulae, but this method is not
really satisfactory simce in deriving it the assumption is made
that only cne of the variables is subject to error, This is
not often true and in the present work both had errors of
avout the seme magnitude,

Yorgan (1960) has shoun ‘that the usual method can be
extended to the general case vhere there are errors on both
varigbles, The use of lorgen's methcd is a 1ittle more
complicated than the standerd one but is much more accurate and
considerable differences were found in scé of the equations

found by the two methods, In the case of the relation of the
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upper and lower currents the ususl method gave I = 0.047 Iy
or 1f the equation vas found the other vay sbout I, = 0.24 I,
whercase inargan's method gave Ip = 0.36 I, which seemed far
nore realigtie. "’he difference between the two equations
found ueing the usual method is rather large although a
difference is always found since for each equation a dif‘ferent
variable is aesumed to ve free from error. '

_ One disaglvantage of this method is thw_b a knowleﬂ‘gé

of the errors in the varia‘b].eé is necessary apd it is
difficuldt to determ:lﬁe these acc\matelm Portunately 1:!;18
problem is consi&ezagbly simplified in saome cases as only the
ratio of the errors is needed and vhen the variables are
measurements of similar parameters, .g« the two curreats the

errors zre the ssme.
The Restlts
It was found convenient to refer 'to the recor@s as

'19' (19/5/62), '18°' (16/6/62) and 'IM* (Miscellanecus) and
4o use symbols fopr the parameters:

 Upper potential gradient (v/o) By
Lower potential gresdient (v/m) Fy
Upper Current (. ,,.A/me) Ip
Lover Current _ ( /..,Aﬁnz) 9
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Diffeorence in potential gradients {v/m) SF = Py = Pp
Difference in eurrents ( P A/me)- 51 = Iy ~ I,
Space charge ( pp€) p = E SF

It was decided to make 2 the total space charge in 2 metre
square column the height of the tover xnstead of the meen spacs
charge in a cubic metre as there was no evidence that it was
uniformly distridbuted. |

Prom the results of earlier workers it was expected that
negative space charge would be faimdA and that !T would be
peveral times greater than Iz« The difference in currents
vas found although on exemining the records it was seen %o
be considerably less than the sixfold one found by Merry,
and there was on average a factor of 3 or &4 between the twe
currents although the difference was more pronouncéd in
very high values, This relation did not alvays hold howsver,
The currcnts were often of opposite sign, usuaily just before
or after the potential gradient changed sign and the difference
appeared to be related to the mirror imege effeét vhich was |
much neore pronounced with IT where there wore negligible
time lags vhile with ‘IB they were often of eeveral minutes,
This suggested that the rain's charge might be due in part to
the local potential gradient, Since this was greatly
exaggerated on the tower its effect on i,r would predominate

over other influences.
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then the graphs of the veriations of the parameiers
with time were drawn it was seen that Fg and Fo followed
each other but that Pp was ususlly less than Fy and both
changed sign almost cimultencously. In this respeet the
'ﬁelvin' Chauveasu' effect was never observed although one of
the recordings wss started at a time vhen F’i" was almost zero,
Py
that they had been of opposite sign & few minutes previously.

The deduction from the 'Eelvin Chauveau' effect is the

nearly ~150 v/m and Doth becoming more negative suggesting

presence of negative spacecharge whiech would make FB more
negative than By Bo that § P would be negatives §P was
found to be usuelly the same sign as the potential gradient
end to increase with it. This dependence was very tﬁarkad
on *16% and when S F was plotted aaaiﬂst Fy the scatter diagram
was almost a straight line with an intercept on the FB axis
of about '50 v/m (Fig. 20). The corresponding diaegrams for
719! and '4' @44 not show such good linearity but the
relation was still obviocus.

The formulae reléting Fp ang 5 F were of the form:

F.= a5Fsbd and this could be converted readily into

B

Fy=¢© E b since PE €g SPe The values found for 'H?

were quite small (Fig, 265)so at first sight &t would appear
that the potential gradient was alwost entirely controlled

by the space charge slthough there was also a small "background®
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pote ntial gradicnt '15’ .' " However before drawing any
concluaidns from the formmulae it is vorth uhile considering
the relisbility of the cbservations. |

The basic obsePvations were those of Pé and Fp opg
the validity of taking §F," FB- ps @S the difference
ir the potentiml gradicnt between an undisturbed level at the
height of the tower and the ground depends én the accuracy of
the celibration of the instruments and especially of the
comparison of them,’ So far as could be determined by tke
use of the test plate no changes of censitivity occurred
and any inaccuracies would have originated in the initisl
ealiﬁratians;

All the instruments were Cirst calibrated between plates
and the errors introduced in this would be quite swally
The instruments were then mounted in their operating positions.
and the outputs of the agrimeter on the tover ang the mill.
at the botiem compared. The second mill was used in an attempt |
to find the exposure factors and any error in this would have
caused a change of sca}e effecting both the other instrumente
to the same extent and so could be ignoreds The comparison
of the outputs is more inporitant: It had to ve assumed that
at the time of the covparison the potentisl gradient did not
change with height, A day was chosen ¥hen no space charge

was expected but it was not pessible to prove its sbsence
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so the potential gradient may not have been uniform,

1f the potentizl gradient at the ground is f and at an
undisturbed place the same height as the tovey £ « s = P |
vhere s 4&s the change of potential graﬁienﬁ preduced by
same cpace charge. Now it is assumed that both instruments
are mweasuriag the same potential gradients, if ellowance is
made for the exposure factors, snd s0 their cutputs ave.
both equated with £, The gbsolute value of £ is found
by the calibrating mill, This meanz that F has been incorrectly
' estimated ag £
The same errézj vd:l_l ‘occur in all later cases when the vélue
of the potentisl gradiemt at the he:lshf. of the tover is
estimated from the agrimeter output. If on one 6ccasion
the potential gradient is uniform with height end has the

value Fy it is estimated as Fop and Fp = Py (3_-—7?). If 5P
ia the difference bat.ween E‘B and F‘P then

5P e Fp = Fp= ';I‘"?i"" = Py Cﬁ}
This gives FB 5§ P(1~£/c) which is similar to the relation
actuglly found, A more general case is when the‘re 15 space
charge present. 1If this gives rise to a difference of
potential gradient X then the potential gradient at the height

of the tower is Fy=X if F, is its value at the ground, Pp-X
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Fp=X
- 48 now egtimated as T8/t = R@.

Thus §P = Py-Fy = Py - P& X

P
R 8
50 that Py = §F (1-£/8) - X ( 1:§ s )

Here the spuce charge is given bty the intercept on the Pp
axis and is opposite in eigr to it.

The values corresponding to 1~-f/s8 in the regression
eguations are about 2 so that £/8 £ -1 and i:‘: 2 <1, - To
give rice to a slope of thie order sZ-f and when the
comparison was mede £ was =sbout ¢+ 200 v/ so that the gpace
charge corresponding to s would have been about -80 /dldc/ms
which is not impoasi‘bie but ig rather hiigh for a day when
1ittle or no space charge was expected, Also if gpace charge.
vas present vhen the comparison was made the intercepts of the
PB/ SP regression lines must bé taken as being the mean -space |
charge, These are sbout 70 v/m which correspends to only
sbout ~30 yuC/n® 1f 1t is uniformly distributed.  Although
if 4t were all contdned within the first metre of the at_mospher_e
it would emount to 630 ppC/n” vhich 1s similar to that founa
by Adkins (1959b). )

It appears then that the :;esults for space charge are
smbisucus end there does ndt seem to be any way of chooszﬁg
between the efernative interpretations, If the intercept
) represents the space charge it is usually negative; the
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negative intercept on '19" is 36 suall as to be not
apprecisbly different fron zero. Thic agrees with the
observations of Kelvin and .Chauveau but on the other hand
the veluc of the space charge is very low, Also
while plotting the seatter dlagrams it was noticed that the
points moved up and down lines which had the same gradient
but different intercepts 'apé.' tnat the sign df the intercept
often appeared to follow that of the potemtial gradient so
that the space charge might only have ‘uleen nééaﬁive wﬁen the
potential gradient wac nositive. The evidgé for this is
inconclusive hewever, | |
~ The current measurements showed the inverse relation

clearly (Pigs. 21, 22) and regression equations were
calculated relating them to the potentisl gradients at the
same place, "‘hese are chown in Fig, 25 together with the eqnat-
ions fourd by Remsay (1959) for the cowesponding rat.es of
xfainﬁ'all. These_ sh_ow _quite' good agr_eame_nt vhen it is _
remembered that the rates of rainfall ar¢ means. over long
periods rather than the minute by minute values used by Remsay'
and that his later results gave slopes that vere somét_:_lmee
even of the opposite sign,

If §P is taken as a valid measure of the space chai'ge
then it appears to be wmore ﬁindame_ntal than the potents;al
gradient so it might be expected that the currents would be
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more closely related to it. The regression eguations
relating I and 87 did nave muc:h" amaller intercepts than those | _
for I and P (Pig. 23) but when the correlstion coefficients
vetween I end Py, and I and SF were coumpared there was né
significant difference veitween them, '
Another relaticnship with §F was the ai1fference between
the upper and lower currents, This showed very probounced
'ollipses' indicating that when . S§I was large SF tended
to decreace and %o inercase again if SI becomo small end
especially if 4t docame negative (Fig. 24). These ‘ellipses®
are similar to those found by Rémsay when investigating the
mirror image effect and since 51, Iy-15s 40 largely .
determined by fts greater component 1, they way
nothing nore. . Alternatively if SP _represeﬁts the space
‘charge and §I is the charge gathered by the rain while fall:lng
through the height of the tower the rain can be considered - .
%0 be washing out the opace charge giving the current
-differance and at the same time reducing §Fs Tpe problem
of a mechanism for the collesction of charge neow evises.
Calculations based on the ior capture theory put forward by
wilson (1920) and worked out in detall by Whipple and Chalmers
{1944) showed that this process would give values of S3I
that would have been to small to measure, If the space
charge conaisted of charged droplets a coalescense process
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might have operated, but this could not ha\'te given a
sufficiently large value for §I either.

1t might be possible to explain the large value of‘
IT as being a localised effect caused by the exaggerated
potential gradient ncar the top of the tower, tut occasionally
there vere pulces on the record of x.l, vhich were not
duplicated by IB and these were accompanied by an ‘ellips?
effect asscciated with not only Fp, and Fp but also the potential
gradient at some distances from the tower. Unless the
‘ellipse! effect is fortuitous here, and it was observed
on geveral occasiona,' this suggests that not all of IT can
e a.local effect and that in at least some cases the rain
looses charge between the top and bottcm of the touer.

Conclusions

In view of the doubtm meaning of the PB/ 8 F equations
it is iwmpossible to draw any firm eonglusione about space
charge except to say that some does éxist and that it may be
related in some way to the potential gradient.

The relation between precipitation current and potential
gradient at the bottoem of the tover is similar to that found
by Remsay and indicates that the presence of the tower had no
eppreciable infiuence at ground level, The Gifference between
the currents at the two levels does indicate that some
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charging procese does operate near the ground and even if
thie dnly produces sm unnaturally large charge in the
exaggerated potential gredient at the top of the tower it
probably operates on a smaller scale under natural conditions.

What this work has shown most effectively is the
difficulty involved in determining the exposure factor of
an instrument when it is a coneiderable distance from the
stapdard one., ihen eny further work is done in this field
special attention must be paid to this problem and either
a check made that there 18 no space.charge present when
the calidration is made or perhsps the exposure factor counld
e found dYy some other method, poseibly by experiments on a
scale models

A better method of dealing with displacement currents
in phe upper cocllector should also be found and steps taken
to eliminate the effects of splashings If the problem of
exposure factor can dbe overéume the distribution of the space ;
charge could be determined by measuring the potential gradient
at intermediate levels or preferably measuring it directly.
It might Ve possible to find out wore about the way in which
the rain's charge 1s altered by measuring individusl drop
charges at the two leyels, and if the intensification of the
potential gradient could be changed by changing the gecmetry
of the tover eny charging dependent on the inteneification
could be distinguished,
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