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The Electrification of Raindrops.

Abstract.

The charges and masses of individual raindrops were measured
in different conditions of rainfall at two different sites.
An apparatus was developed to measure raindrop parameters and
display their values in the form of a spot whose vertical and
"horizontal positions on an oscilloscope screen represent the
mass and charge respectively. Photographic records, each of a
number of successive spots, were made for periocds of between
half-a-minute and twenty-five minutes during twenty-four separate
periods of rainfall which covered many meteorological conditions
between thunderstorms and fine drizzle. The photographic results
are analysed in terms of the weather conditions applying at
the times of measurement. It is shown that stratus and cumulus
clouds produce distinct charge/mass patterns on the exposures,
and that these patterns can be related to known factors about
the nature of the different clouds.

The methods of charge measurement by electrostatic induction,
and of mass meésurement by registering the impacts of drops on
to a detector plate are described. Suggestions are made for

future work and improvements to the equipment.
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Chapter 1.

The Electrification of Rain.

1.1. Introduction

This chapter is intended to describe the work that has
been done in the field of Atmospheric Physics that bears
directly on the present work on the Electrification of R&in.

I have attempted to describe the general background and then
to discuss in more detail the work of previous researchers
into the same topic. Pinally I have described what I see
as the more important electrification theories and so the
present state of knowledge.

The second and third chapters describe apparatus for
measuring raindrops, Chapter 2 dealing with the equipment
used by previous workers and my own early designs. Chapters 3
and 4 describe my final apparatus and its calibration.

The fifth chapter covers the measurements made of pot-
ential gradient at the Obsérvatory site where some of the rain
measurements were made.

The remaining chapters cover the results of rain measure-
ments made and discuss them in the ‘light of previous work. I

have attempted to outline what I consider should be the next

steps in research into this topic.

1.1.1. The Importance of Rain Electricity.
There is a circulation of electric current in the

lower atmosphere of which the current carried by rain




is a very important part. Under normal fairweather
conditions there is a positive potential gradient in
the lower atmosphere and a small current of positive
charge arriving at the ground under the influence of
this potential gradient.. Correspondingly in other
parts of the world positive charge must be carried up
to the electrosphere or conversely negative charge
carried down. Only comparatively rarely is- there =
negative potential gradient when rain is not either

vsyally
near or actually present so it seems that rain se—eat-

QLoMpaRies Procesees
3 T responsible for bringing neg-
ative charge to the earth's surface, It is presumably
unlikely that other currents in the &ir during rainfall
are of as great magnitude as the rain current itself and
in high potential gradients the point-discharge current.

I am neglecting here such "apparent" currents as the

displacement current.

Apart from measurement of fine weatherrpotential
gradient and of rain current there is & good deal of
evidence to suggest that the rain current, point-discharge:
current and lightning current maintain the balance of
negative bound charge on the earth's surface. A
correlation was found between the estimated number of
storms: raging at any one time of the day and the fair

weather potential gradient over the oceans by Whipple and




Scrase (1936). They showed that the maximum of thun-
derstorm intensity at 14 - 20 hrs. G.M.T. due to the
storms over the great land-masses of Europe and Africas,
and North and South America during their respective
afternoons correspond to a maximum of the fa&ir-weather
potential gradient measured on the vessels "Carnegie"

and "Mauwd". This can be explained by assuming that &
greater number of storms will bring down & greater amount
of negative charge, which will require & greater positive
current over the rem&ining psrts of the earth. If the
amount of air-borne ions is assumed approximately constant
this cen only be brought about by an incresse in the pot-
ential gradient such as has been observed.

The above correlation applies particularly to thun-
derstorms &s these are supposed to have more effect on
the elecfricity'of the- atmosphere than non-thundery rain.
Although the presence of lightning supports this suggest-
ion, it is: shown in this work and in previous work that
it is bettér described as an extreme case &t one end of
a spectrum of ra&in conditions varying in the intensity
of their eleétrical activity. Thus all rain conditions
contribute to the tramsport of charge between atmosphere
and earth, and the present single-drop measurements in
addition to pfevious measurements both of single drops:

and of rain current, are designed to investigate the



nature of the processes involved.

I.2.2. The Charging of Raindrops:

Raindrop charges are usdally measured at ground
level. All asirborne measurements have been made inside
clouds® and so have been aimed more at measuring cloud-—
drop parameters. The droplet charges that are messured
at the ground may have been produced within the cloud or
between the cloud-base and ground-level. The nature of
this: charging has been neglected by compsrison with work
done on charge seﬁaratibn within clouds, but iss closely
connected with that. If we assume that'the;charging of
drops takes place ma&inly in the cloud then the cloud-
droplet charging;processeStare supremely importamt, but
if below: the cloud, then the processes may be similamfzr
completely independent jq‘those involved in the cloud.

Evidence showing a close correlation between total
precipitation current and potenti&l gradient, notably the
"mirror-image" effect found by Simpson (1949) where the
current and potentigl gradient are found to be generally
opposite in sign, suggest that the charging processess
affecting the charge at the ground occur below: cloud level.
However to & certain extent it is possible that the pot-
ential gradient is dependent on the rain charges when the
potential gradient is less than 500 sz-'1 e.g. potentiad

gradient changes due to rain splashing &t the ground.




Simpson's results however do include high potentisal
gradients ( up to 10,000 Vo™t ).  In the following
discussion I shall assume that the significant influence:
on raindrop charges is belowr cloud-level.

Between cloud-base and ground the drops fall
through & layer of air in which & quentity of sma&ll and
large ions are present. The charges acquired by the
drops may come from these ions under the influence of the
potentiel gradient. The other parameters: that may affect
the charging of @ drop are wind, fall velocity of drop,
radius of drop ( on which the terminal fall velocity dep-
ends), ion concentration and the chance of collision.

The chance Qf collision between drops is probably so

sm&ll as to be safely neglected. Except in the casess of
sleet and snow, which @re not covered by this work, and of
hail, which I am neglecting for the purposes of this
discussion, precipitetion is not in the icé—phase below
cloud base and so charging due to freezing or melting
need not be considered.

Some laboratory experimental and theoretical work
has been done on the nature of charging of droplets in
the presence of an electric field and of charged ions.
The most notable theoretic&l work originated with the
Ion-Capture theory of Wilson (1929). This was devel-

oped by Whipple and Chalmers- (1944).  The results of
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thege cglculations give formulae from which the electric
charge of & water drop falling through the air may be
calculated given the electric field, the drop radius
and the original charge carried, together with knowledge
of sizes and charges' of the jons present. Smith (1955)
uwsed the results of these formulae for comparison with
his own single-drop measurements. The agreement in
some casess ig considerable, but the calculations require
a much greater potential gradient, roughly one order of’
magnitude greater, than he measured at ground level.

Wilson's theory, therefore, seems @ most promising
explanatiion but with some adjustments to compensate for
the high fields required. Gener&lly, more observations
of drop charges are required under various conditions..
The details of this section are more closely examined
in Section 1.3.

The potentia@l gradient in stormy conditions:is
controlled by the chargess in the’claudé. There are
several theories: about the charge separation in clouds;
but in temperate climates it is sufficient to say that
the presence of the ice-phase in the cloud is probably the
mejor cause of this charging. The ions in the air come
from radio-active ionisation, ionisation by cosmic rays
and to some exteﬁt from point-discharge in high potential

gradients and some other sources.



1.1.3. Experimentzl Work on Rain.

The quantity of rain falling on the earth is and
has been measured widely for meny years with standard
pieces of meteorological equipment. The standard rain-
gauge and tilting-bucket rain-gauge are well known pieces
of equipment. Frequently, rain-gauge measurements have
been used alongside rain current messurements; both to
showr the total rain falling &t the time and, in some
cases, the proportion of ra&in that is collected by the
rain current meter. The equipment used by Scrase (1938)
was particularly subject to collecting; only & proportion
of the rain. An electrically insulated collecting- cone
was: mounted at the bottom of & metal cylinder which acted
as an electricel screen. Unfortunstely this meant that
in any case when the rain was not falling vertically or
nearly vertically then much. rain would not be collected,
also small drops would be more easily blown clear of the
collector than would large ones:.

The normal unshielded collector consists: of & hori-
zontally mounted plate connected to am electrometer and
usually in the plame of the ground. This: collectss the
total air-earth current including not only the rain
current, but also the ionic convection and conduction
currents and the displacement current, which latter is

the change in the bound charge at the earth's surface due




to changes in the potential gradient.

More elaborate versions of the screened collector
designed to combine the advantages of total ra&in coll-
ection, of the unscreened version, and of cutting out
the displacement current of.the screened version, hsave
been tried out at Durham by Mr. M.F. Stringfellow.

When single drops: are collected the apparatus
must be so selective that tﬁe‘integrai of the charges of
all drops collected in & certasin time could not represent
the total rain current to a certain ares. 4 detailed
descriptidn of earlier forms of éingle drop collectors
is: given in Chapter 2. Smith (1955) mounted his: collector
so that it might be tilted into the wind amd would not
discriminate against drops of small size. The: single
drop collectors; are not subject to error as a‘nesult.of
displacement current and other air-earth currents, because
these need d. c. amplificastion in the electrometer circuit,

which is not necessary for single drops.

1.2.. Review of Results of Previous: Workers.
| Several researchers have carried out work on precipitation
currents, a smaller number on single-drop observations. Earlier
observations of single drops:; were limited &s: to the rate of drop
collection? more recent workers have been able to collect more
.drops per second and presumabiy‘to'gain @ better representative

sample of the rain, by the use of more advanced techniques.




Net all measurements of drop charge were combined with

simultaneous measurements of drop size. The readings of

Gunn and Devin (1953) are @ case in point. Failing to

recognise any comprehensible pattern in their results: they

concluded that there was: no distinguishable correlation

between potential gradient and drop charge. The results of’

Smith, which ceme from measurements of charge and size,

~published two years laster, adequa&tely refuted this conclusion.

1.2.1. Early Observations.

Measurements of drop charge and size were first made
by Gschwend (1922) who found from 1,537 drops & ratio of
1-77:1 for positive to negative drops, and & ratio of
. 1.5:1 for total positive charge to total negative charge
brought down. This suggests that the negatively charged
drops were more highly charged, @ conclusion generally
supported by later workers a&though figures for the above
ratios vary; examples being those of Chalmers smd Pasquill
(1938) and Gunn (1949). Chalmers (1967 Ch.'lo) gives
details.

Gann (1949) considered his results: in terms of the
electric field that exists at the surface of & rain droplet.
He found &11 his drops h&d values: of this field between
335ka‘1 and 330 ka'l, an average value being 61°2 ka'l.
As well as finding that the negatively-charged drops were

more: highly charged than the positive, he also found that
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they were more massive, and also that drops of opposite
charge could fall in quick succession.

The absolute values of the charges found by these
observers were of the order of 0-1pC (Gschwend) or
1pC (Chalmers and Pasquill) for quiet rain, 1pC (Gschwend,
‘and Chalmers snd Pasquill) or 2pC (Bamerji and Lele) for
shower rain and the highér values of 3pC (GsChwend, Chalmers
and Pasquill, and Bamerji and Lele) or 6pC (Gunn) for
thunderstorm rain. Although this shows the greaster
charges; that may be expected from electrically active
thunderclouds the discrepancies between the results of
individual workers suggest that the methods of megsurement
may be inconsistent with each other.  The values of
charges quoted are roughly'&verage end may be explained
by. the: fact that different pieces of equipment had diff-
ering lower levels of sensitivity..

As mentioned above, most of the researchers measured
drop size; the lower limit wass limited by the apparatus
and at the upper limit few drops were found with diasmeter

in excess of 3mm.

1.2.2. Airborne Observations.
A number of workers have designed and built apparatus
for measuring drop charge and size that is suitable for
mounting on an aircraft. Quite apart from the fact that

the techniques used are interesting and valuable in them-
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selves, the results are of interest to compare with
similar observations made at the ground. The airborne
operator, however, has an advantage in that he need not
wait for suitable weather conditions to come to his equip-
ment, instead he takes it at will through any convenient.
cloud.

Gunn (1947, 1950) was: the first worker in this field,
generaslly finding the charges were greatly in excess of
charges found at the ground in similar rain conditions.
For altitudes: between 1 and 6km typical charges in shower
rain were between 10 and 30pC, and in thunderstorm rain
between 20 and 40pC. These values; are an order of
magnitude greater than those found at the ground. Gunn
did not measure the sizeé'of the drops, but this was done
in & later investigation by Fluegge and Pilie (1965).

Investigations of droplet charge have &lso been made
in non-raining clouds, frequently with emphasis on drops

of very small size, about L o to I(?.m.. Twomey (I956)

photographed the tracks of small droplets passing through
an @.c. field and found mostly positive drops when no ice
was present. MacCready and Proudfit (1965) found that

charges appearea on the drops at the melting level in the
cloud, which suggests that the ice-phase is all-important

in cloud electrification.
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raindrops, but also the smaller cloud-droplets; an

on the whole, particularly in a raiming cloud, these are

charged tq a gre egree then the raindrops: &t the

gzﬂuﬁﬁfﬂfﬁagen ice is present, charging appears: to be

due directly to the freezing and melting processes, and

otherwise charge is collected by the absorption of airborne
ions. Gunn (1957) has pointed ou;ffie electric fields
inside a thunderstorm are greater than those below, &and

are particularly high in the vicinity of the freezing level.
In non-thundery clouds: Gunn (1948) states that the field
inside & cloud producing steady rain is less than 4000 Vo1
eand in a non-precipitating cloud it is less than 1000 Vm'l,

but both these: values; are greater than the values of pot-

entigl gradient observed at the ground in the same conditions.

1.2.%. Latest Observations.
Since 1950 there have been published results of rain-

drop charge and size measurement by three workers. Hiatch-

inson and Chalmers (1951) measured charge and size of drops'
whilst simultaneously weasuring the potential gradient

and, in high fields, the point discharge current through

a metal point.  ThHeir results generally agree with the
results: found by previous: workers, and could be explained
by Wilson's Ion-capture theory if the: potential gradient
was several times higher than that measured at the ground.

Smith (1955) used a technique which permitted the measurement

o
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of @ much greater number of drops’during any period of
time. When plotted on graphs of co—ordinétes representing
drop charge and drop radius points with perameters corres-
ponding to those of drops collected demonstrated clear
patterns:. These distributions: fit the patterns theor-
etically predicted by Smith from Wilson'ss Ion-capture
theory, as: derived from the paper by Whipple and Chalmers
(1944).. sSmith's readings: were taken over short periods.
of time when it could be s&id that the controlling factors
of potential gradient and wind would not change by more
than a trivial extent. Typic&l times were about two or
three minutes. Smith also took readings of potentia&l
gradient and of point-discharge current through an artif--
icial point. Smith's: lowest measurable éharge was 0-3pC,
HBatchinson and Chalmers' 0-03pC, and 0.6pC was the minimum
charge measurablé by Arabadji (1959).  Arabadji also used
& technique that ﬁould permit the coIlectiion of many drops
in a short time; at the meximum rate he was collecting
at a rate of 1.7 drops s—1. Arabadji found thet -in six
storms out of the ten in which he took resdings the number
of negatively charged drops exceeded the number of posit-
ively charged drops, and that the average charge on the
negatively charged drops was greater than for the positive.
The general conclusion from al]l these results is that

tiére is a fundamentsl asymmetric nature of the charge
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distribution of drops brought down. Usuglly this is

such that drops of one sign of cﬁarge predominate on
larger drops and those of the opposite sign, on smaller
drops. Prequently, the negative charge is on the larger
drops, although this is probably controlled by the sign

of the potential gradient in the region where charging
takes place. The larger drops &lso appear-to carry a
greater net charge, but this is to be expected if thé field’
at the surface.of the drop is not to be much greater for
smaller drops. The explan&iién in terms of Wilson's Ion-

capture theory will be given in section 1.3.

Theoretical Background.

R&dndrop3*érriving,at the ground formed originally by
coglescence in the cloud. Falling out of the cloud they may
have coalescéd with more cloud droplets, and in an active
thundercloud or cumulo-nimbus may have been carried up and
down in the updraughts and downdraughts before eventually feall-
ing. In this country, in a temperate climate, @ considerable
proportion of the cloud will consist of ice particles and drops
normally start as snowflakes, which are clumps of ice particles
and which melt to produce the drops after they have fallen to
the 0°c level. .In active cumulo-nimbus clouds the updraughts -
may carry @ raindrop above the freezing level when it may freeze
and form & hailstone. In clouds with a strong updraught the

drops must grow to a larger size before falling if they have to
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fall against the updraught, than if there is no or little
updraught. Smali_dnops may fall from @& different part of
the same cloud, but if no large drops at &1l fall then it may
be assumed that there is no strong updraught present. When
a drop has fallen out of the cloud it will be subject to
wind, possible collision with other drops, and, if large, the
possibility of spontaneous break-up due to the pressure of air
on its lower surface. It will f&ll most of the way at its
terminal velocity in the air. At the ground, drops of
different sizes arriving at the same time will, by virtue
of their difflerent terminal velocities and their different
susceptibilities to being blown by the wind, have originated
from different parts of the cloud and at different times.

How much they differ in origin is a matter for speculstion;:
the fact that drops of the same size arrive at the same time
with different charge having apparently passed through the
éame part of the atmosphere at the same time is confusing.
During all the period of forma#ioﬂ and fall of & raindrop
it is subject to electric fields. Charging by some mechanism
is inevitable when freezing or melting takes place, and ion
pairs produced by cosmic rays and radioactive substances,
and point discharge ions supply @ considerable quantity of
ions thet may be picked up. Any explanation of the charging
observed must take into account all the conditions the drop

falls through and also explain the near-random distribution
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of charge amongst the drops.

The charges on drops inside clouds have been observed
to be much greater than on the drops measured at the ground.
It has: already been mentioned that potentiasl gradients inside
clouds are greater than those below at ground level. A typ-
ical qwiet non-raining cloud has a potential gradient less than
1000 Vm—1l, but & thundercloud has typically & potentisl gradient
of about 100 kVm—1l, & value exceeded by a factor of 2 or 3
immediately before a lightning flash. Correspondingly there
are high potenti&l gradients at the ground below thunderstorms:,
but except when a lightning flash to ground is imminent in the
immediate vicinity of the point of measurement, these are an
order of magnitude less than those measured in the cloud.

The situation given is thus: a cloud contains charged
precipitation particles in both ice and water phase. There
is & potential gradient caused by the separation of charges:
within the cloud, and this potential gradient is: generally
greater than that existing outside the cloud. Separasted
charge causes the potential gra&ient, and it is certain that
the potential gradient is; involved in the separation of charge.
It is not important to decide which must come first as &ll
clouds build up gradually and the processes which go on in-
side must also build up in intensity. The melting of ice and
freezing of water appear to give rise to considerable charging

even though the processes concerned are not fully understood,

,, o
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Theoretical loci of parameters of drops falling and
; obeying Wilson's Ion-capture theory.
| (Q1 QS refer to various initial charges)
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'Typlcal experimental distribution of drop parameters
as found by Smlth w1th envelope curveg. -

"Figure 1,1‘
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and radius of drops collected in the presence of point-discharge
current (from @ metal point) as a'diémribution on @ graph, plot-
ting charge against radius for each drop measured in a short
period of time. In some, but not &ll, csses a clear psttern
appeared such that the drops could be contained in an envelope
'of two curves. When this appeared, larger drops would be
predominantly of one sign and sm&ller drops of the opposite

sign. In his discussion, Smith made calculstions: using the
formulae for rate of charging in the paper by Whipple and
Chalmers. After integration these formulae gave the fin&l
charge at the ground in terms of the thickness; of air through
which the drops: had fallen as well as' in terms of thg initial
charge carried, the potential gradient and the vertical con-
duction current. Smith assumed a negative potentigl gradient
and @& conduction current of negative ions produced only:by

point discharge from the ground. The results when sketched

on a distribution grap£ (See fig. 1.1.) compare very closely
with Smith's experimental resultss. They differ from the figure
calculated by Whipple and Ch&lmers because that iss a final
limiting value of charge, and Smith's figures state that the
charging process is not complete when the drop reaches; the ground.
In theory if the initial charges on the drops were gero then they
would all lie on one cur?e, but the distribution bounded by two
cu;ves is expléined in terms of the variation in initial charges-.

Not all Smith's results folllowed this pattern; some appeared




l‘~4.

19

to have an zlmost random distribution, probably due to the
variation in vertical potential gradient while the drops were
falling or variations in other effective parameters. Smith's

explanation of his results is limited to conditions where neg-

ative ions predominate, and point-discharge, due to high negat-

ive potential gradients is' the cause.. It also. expla&ins results
in terms of positive ions and high positive potential gradients,
but does: not take into account conditions where point-discharge

is not taking place.

Present Situation..

If an explanation has been made for the charging of rain-
drops in high-field conditions, this leawes open the whole
range of rainfall at times when point-discharge is absent.
Rain may fall as; drizzle from blanketing sstratus clouds or as
heavy thunderstorm drops;s from towering cumulo-nimbus;, and indeed
in any form over the whole spectrum between these two extremes.
In general elecirieal activity increases: with cloud turbulence
activity, such that cumulus clouds show a more proﬁounced elect—
riecal nature, with corresponding higher potential gradients; than
do. stratus clouds. Results: of rzin measurements: are needed in
steady rain and noﬁ-thundery’shower rain, and, in gener&l, in
&ll conditions: where high potential gradientss are not present
and point-discharge unlikely. More information about the nature
of point-discharge is- also required, so that we can estimaste the

nature and quantity of the ions under clouds.




in theory if ions of both signs are present i=

~This should be experiment—

$nTa11 are needed.

The object of the present work is to attempt to make
measurements of raiﬁdrop charge and size in all rain conditions
encountered, together with measurements:s of the earth's vertical
potential gradient at the same time. Facilities available at
the sites of observations, Durham University Observatory and
_the Lanehead Field Centre also allowr wind speed &nd direction

readings to be taken.
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Chapter 2.

Apparatus for Measuring Raindrops.

2.1, Introduction.

An apparatus was designed which could be placed out of
doors to receive raindrops aé they fell and to measure their
respective electric charges and sizes by electronic means.
The publications of previous workers in this field were
studied so that they might act as a guide to this design and
a number of new ideag were tried out to see if they would be
useful. Several versions of the apparatus, from now on to
be referred to as the "Rain Detector", were produced in turn,
each version being an improvement on its predecessors: until

an acceptable design had been evolved.
2.2. Techniques used by Previous Workers.

2.2.1. Measurement of Charge.

The earliest measurement of charge was by Gschwend
(1922) using a string electrometer. Chalmers and Pasquill
(1938) were the first to use valve amplification, and this
was also used by Gunn (1949), Hiutchinson and Chaimers(l951),
smith (1955), Arabadji (1959) and &ll recent workers. 1In
some cases the charge fIowed directly into the amplifying.
cirecuit from a collecting can, but moré usually the drop

has been allowed to fall through an induction ring conn-
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ected to the amplifier. This has the advantage of
leaving the drop intact so that other measurements may

be made upon it.

2.2.2. Measurement of Size.

| There have been several differeﬁt techniques used
for messuring the sizes of raindrops. Gschwend (1922)
and Hutchinson and Chalmers (1951) allowed the drops to
be absorbed in filter paper dusted with a dyestuff powder
and then measured the size of the stain resulting. Gunn
(1949) and Smith (1955) measured the time interval between
the two pulses produced as each drop fell through two
spaced induction rings. This time would give the term-
inal velocity of each drop, which will give the size of
the drop when compared with tables of terminal velocity,
for example those of Best (1950)m The termingl velocit—
ies of drops of diameter greater than bmm diameter vary
by only 2% and so Smith used another technique for larger
drops. He let the drops fall between two plates which
acted as a capacitor controlling the frequency of & high

frequency oscillator. The drop falling between the plates

altered the capacity, and therefore the frequency of the
oscillator. When this change of frequency was:; measured,
it could be used to indicate the size of the drop falling

through. the apparatus.

Arabadji (1959) measured the size of his® drops by

S
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measuring the impulse caused as the drops hit a sm&ll
plate. He gives few details in his paper, but does: say
that = piezo-electric crystal was used to receive the
impulse and give a voltage pulse related to the mag-
nitude of the impact.

Using an apparatus mounted on an aircraft for within—
cloud observations: of water drops,; Fluegge and Pilie (1965)
measured the sizes of drops by an opticsl method.  The
drops passed throwghxaicoilimated beam of ' 1ight and the

amount of light to be scattered was measured.

2.3. Comparison of Previous; Techniques.

All previous: workers have used basically similar methods
of charge measurement, differing only in the type of electro-
ﬁeter used. The methods used for measuring size &are very
varied and show wide differences in speed &nd convenience.

The early technique of absorbing the drops and measuring the
stain produced is slow & the operator cannot measure more
than one of two drops & & time, and the recording of results
cannot be automated. A1l the other techniques*ailow7thé size
of the drop to be converted into.&n'electric-sign&i which may
be used in an automatic recording system. The optical method
is sufficiently accurate, but in @ ground-based system would
need large lenses, leading not only to considerable expense
but also to a difficult physical set-up. The fall velocity

and capacitance techniques need a complex electronic circuit

o
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when compared with the simpler alternative of using & plate

or diaphregm with a piegzo-electric sensing device.
2.4. Preliminary Design Attempts.

2,4.1. Charge Measurement.

A suggestion by the late Professor J.A. Chalmers
for using an electromagnetic method for measuring charge
was: investigated. The idea: was that the charged rain-
drop should pass: through @« ring of ferromagnetic mater-
ial which carried a toroidal winding. The charged drop
would then act as the primary of & transformer, and the:
toroidal winding would act as the secondary. The out;-
put of this wowld then be related to tlie charge on the
drop and also to the drop velocity relative to the ring.
However, the output signal would be too sm&ll to amplify
even with a core of the maximum available permeability,
the maximum number of windings: and the maximum attainsble
relative velocity between drop and ring, for all drops of
usuwal magnitude of éharge. The electromagnetic method

could not be adopted and therefore the electrostatic

induction method wass chosen.

2.4.2. Size Measurement.
A variation of Arabadji's: impact plate technique
was: chosen after consideration of its fundamental simp-

licity as discussed in Section 2.2, The first idea was
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to use & loudspeaker as the detector. A droplet hitting
the cone would cause a fluctuation, and the loudspeaker
coil acting in the same manner as the coil of & moving=-
coil microphone would produce an electrical signal.
Although this would have solved all problems; of mounting
the impact diaphragm, once the Ioudspeaker chassis hed
been fixed, the paper cone would hawe been very vulnerable.
to rainwater and difficult to protect. After the loud-
speaker idea had been rejected, & paper diaphragm cemented
to a piezo-electric ceramic element at the centre and
supported on sponge rubber round the edge was tried.. If
this had been‘sucneésful the paper would have been replac-
ed by'azwater-repellanf material. It was however too big
at 600 mm diasmeter to be sensitive to small raindrops and
the scale of the whole apparatus had to be severely reduc—
ed. The piezo-electric ceramic element was effective as
& mechanical sensing device and so was retained. A mica
disc of 60mm dismeter was tried as: the receiving plate.
The ceramic element was. cemented to the centre of this and.
the result seemed successful. The only fault that rémain—
ed for practice#l measurement was: that the electrical pulse
output from the ceramic element varied for drops of the
same size falling on differént parts of the disc. This
was apparently due to & twist imparted to the ceramic

element when the drops fell away from the centre of the
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pl&te. To eliminate this the plate was: mounted on &
hinged wire (see fig. 3.4.) and thus only rested on the
ceramic element instead of being cemented to it. No
twist could then be transmitted to the ceramic element,
and it was found that the electric output was consistent
for drops of the same size, irrespective of what part of
- the impact plate they hit.

Fig. 3.2. shows that the maximum aperture of the
&pparatws.to receive drops is controlled by the maximum
plate size. The aperture eventually chosen was: 4-7om
djameter. A smaller diameter was tried but found to be

too small to receive much ra&in.
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Chapter 3.

The Rain Detector.

3.1. Introduction.

The previows chapter describes the preliminary work
legding up to the final design of the rain detector. In itss
complete form this consists of @ head unit which stands: out-
side in the field and receives the raindrops, and which is
connected by cable to & recording unit in the laboratory.  The
electronic circuits in the head unit tramsmit pulses correspond-
ing to the two parameters, charge and size, of each raindrop
detected along the cables to the recording unit which then
converts these pulses into a visible display on an oscilloscope.
Each drop collected has: two parameters to be measured: size
and electric charge. It is convenient to plot these as co—
ordinates on a graph and this can be done automatically produc—
ing & two-dimensional display of spots on an oscilloscope screen..
Egch spot then correéponds to one raindrop and the co-ordinates
of its position on the screen correspond to the two measured
parameters. A camers is fitted to the oscilloscope to make
& permenent record of the spots, one frame of film being ex-
posed for every two or three minutes of rain. I am indebted

to Dr. FI. M. Stromberg for this idea.

3.2. Mechanical Construction.

Figure 3.2. shows the mechanical lay-out of the head-unit.
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The frame of the unit is built of angle-section brass, the
remginder of the construction being of brass and aluminium
sheet. Drops of rain falling into the apparatus pass first
through the induction cylinder, which is of brass supported by
perspex, ‘and then into the bottom of the unit to strike the im-
pact plate. Raindrops hitting the head—ﬁnit and not entering
splash on the cone. The angle of the cone helps to prevent
any- droplets from the splash from entering the unit. The inner
cone prevents drops that hit the induction cylinder from dropp-
ing on to the impact plate. Water drains out of the &pp&r&tus
through the tube at the bottom. The electronic circuits in the
head-unit are fastened to one of the side-panels where they are
safely protected from the rain-water (see figure 3.3)..

B Figure 3.4 shows the impact plate which receives the rain-
drops at the bo?tom of the appareatus. A micar disc of 30mm
diameter is: cemented to & shallow cone -of expanded polystyrene
of the same diameter and Smm- depth. The plate produced is
cemented to a wire coupled to & hinge 30mm away from the centre
of the plate and bent so as to present & flat piece which rests
on a ceramic element mounted separately. This arrangement en-
sures that the vertical impulse received by the plate is trans—
.mitted directly to the ceramic element. The ceramic element
is covefed with two layers of plastic insulating tape in order
to protect it from the rainwater and to increase the natural

damping. The wire cementeéd to the plate is protected from the
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water by a thin coating of vaseline. The electrical conn-

ections to the ceramic element are made at the mounted end..
The whole unit is fixed in & gimballed mounting so that

it may be swung in any direction to face the rain (see figure

3.1.).

Electronic Design of the Head-Unit.

The charge amplifier shown in figure 3.5. (&) amplifiess
thé charge induced on the induction ring. The high-impedance
input needed by the induction ring is supplied by an electro-
meter valve with 100Mm resistar.. The output of this is fed
into an emitter follower (Trl) which supplies & high-gain
stage (Tr2). The last transistor (Tr3) is connected as
another emitter follower, giving an output impedance for the
whole circuit of about 1Ka. From the collector of the last
transistor & negative feedback loop is connected to: the 100pF
input capacitor, The IpF capacitor between this connection
and earth is to filter out high frequency noise. The effect
of this feedback loop is: to give a long time constant to the
whole circuit thusrs

T =: kRC
where T = time constant

. overall gsin 200

input resistamce = 108q
input capacitor = 10i0F

QR
Houon

thus T = 25
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The output voltage is given by:

=2 (r+HT
V=g T+

where V = output voltage:
Q = charge induced on the ring-
C,k: as sbove
The amplifier for the impact circuit is shown in figure 3.5

(b)- This is simply two Darlington pair circuits capacitor—
coupled acting‘asvaicurrent amplifier. The: overall voltage:
ampliﬁic&¢ion is one. On its own this circuit interferes badly
with the charge circuit and it was necessary to put in @
duplicate circuit scting out of phase with the first to camcel
out the interference. The output from the ceramic element is
humdingered across the two 4.7Mmx input resistors to the ampli-
fying circuits. The final output is taken from only one of

the circuits, giving en output impedance of about 500m.

3.4. The‘Recordiné System.

The recdrding system is designed to cope with the: signal
pulses from the head unit and to convert these data into &
two—dimensional display‘oh an oscilloscope screen. Figure 3.6
is & block diesgram showing: the layout of the systen.. In prin-
ciple the heights of the pulses coming from the head unit are
increased to & value between 0.1V . and 5V by amplifiers with
switched gain-control. The pulses are lengthened to an appro--
ximately square-wave shape whose height is the same as that of

the pulse fed in. These lengthened pulses are fed to the
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X- and Y- plates of the oscilloscope causing the: spot to move
from its neutral pos;tion to position determined by the pulse
heights. At the same time the: timer circuit sends another
pulse to brighten the spot for 100ms at the end of which time
all the circuits are re-set to be ready to receive the next

pulses.

3.4.1 The Timer.

The circuit represented on the block disgram by the
boxess marked TI and T2 is shown in figure 3.7. The pre—
amplifier designed to feed the: multivibrator consists: of
two tramsistorsy; Trl smd Tr2, acting: as high-gsin amplif-
iers capacitor-coupled with & potentiometer  gain control.
This part of the circuit amplifies the impact pulse re-
ceived from the head unit sufficienle‘to trigger'the
multivibrator (72% and Tr4), and the gain control can be
adjusted so that the circuit is just sufficiently sensitive
for the smallest drops that will produce & finite reading
of sige. It is important that the circuit should not
trigger just because the head unit is subject to a breath
of wind. The triggering pulse goes via the diode to set
off a conventional one-shot multivibrator. The output of
this is fed into a two-tramsistor circuit acting as a pulse
squarer (TfS gnd Tr6). It is: important that the: square
pulse should have sharp corners for supplying the reset

pulse.. The negative square pulse from the pulse: shaper
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is* inverted by Tr8 and the positive pulse which results

is used to modulate the brightness of the oscilloscope.
The same pulse is fed into a Darlington pair (Tr9 and Trl0)
to producé a low: impedance output suitable to feed the
pulse lengtheners as a reset pulse (see section 3.4.2).
The pulse is @ positive square pulse of 8V height and

100ms length.

3.4.2 Impact Ampiifier and Palse Lengthener.

Figure 3.8 is a diagram of the> circuit which desls
with the pulses from the impgct amplifier in the head
unit (f3‘and P4 in the: block diagram). The pulses cons-
ist of @ negative pulse followed by & train of decaying
oscillations which die away completely within the reset
time of 100ms. The bulseS?first pass: through an atten-
uator for lx, lbx and IOOx;and then into @ single stage
high~gain amplifier, Trl. On the input an 0.1uF capac-—
itor leaks any high frequency oscillation to earth. Af ter
the amplifying stage an emitter follower, Tr2, reduces the
impedance to prepare for the pulse lengthening circuit
which follows. The pulse lengthener is- capacitor-coupled
to the amplifier and starts with its own emitter follower,
Tr3, to drop the impedance right down to about 400m.  From
the emitter the negative pulse passes through & diode to
Eharge a I0uF capacitor.  Once the capacitor is charged

negatively the charge cannot easily leak back through the
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diode so the pulse height is held and only begins to die
away very slowly. This point of the circuit is direcitly
connected to the Y- input of the oscilloscope to .produce
the deflection in the vertical direction on the screen.
After the spot has moved downwards: it is lit by the Z-
modulating pulse from the timer for 100ms-. At the end
of thé 100ms the brightness  dies and a reset pulse dis-
charges the 10uF capacitor. The reset signal, like the
brightness: signal, consists of a positive square pulse of
100ms length. This passes into @& differentiating circuit
of 25uF agasinst 47q, converting it to @ positive spike
followed 100ms  later by & negative spike.. The: transistor,
Tr4, is held hard off and is unaffected by the positive
spike.. ~The negative spike> however sends; the collector
hard positive thus discharging the 10pF capacitor. The
diode then leaks the exceSS‘pdsitive charge rapidly away
and the poténtiaﬂ of the capacitor reverts to the neutral

position ready for the next raindrop.

%,4.3 The Charge Amplifier and Pulse Lengtheners.

The circuits represented on the block diagram by
bdxeS‘Q2§ Q3, Q4+ and Q4- and shown in figure: 3.9 are
basically the same as the impact circuits described above.
The differences allow: for the fact thet the pulses to be
processed are smaller and &lso may be either positive or

negative and hawve a much longer - duration. A1l the charge
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circuits sre designed to cope with & time constant of the
order of ls. An extra amplifying stage, Trl, is put be-
fore the attenuator, and three small capacitors were: con-
nected between the input and the outputs of both amplify-
ing stages to remove high frequency oscillation coming
from the head amplifier. The: pulses from the: head unit
are simple pulses of length determined by the time of fall
of the raindrop through the induction ring, and gre foll-
owed by no oscillafory—tr&in of pulses.

The simple form of pulse lengthener described in
section 3%.4.2 will only deal with negative pulses, so two
lengtheners are used for the charge pulses, one preceded
by an inverting stage (1r3). Two separate outputs are the
result of this circuit, both carrying an equal d.c. bias
and both producing negative square pulses. By connecting
these to opposing X~ plate amplifiers, labelled X1 and X,
the outputs may be made to work against each other, such
that the d.c. bias of each cancels the effect of the other,
~and the pulses of each move the spot in the opposite. direc-
tion to the other. Positively charged raindrops will then
move the spot to the right, and negatively charged drops to
the left. Thus a complete plot of impact agaipst charge

can be plotted in the two lower quadrants of the graph on

the oscilloscope screen.
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3.4;4 The Oscilloscope and Camere.

The electronic circuits of the recording system that
have been described above are housed in & rack on & frame -
aiéng with the amplifiers and meters operating from the
field-mills (see chapter 5). The oscilloscope and camera

'(figwrez3.10§ stend on an adjoining bench. The oscillos-
cope, a Solartron CD.1014 is @& double-beam oscilloscope of ‘
which onlyfone Y- input is used for this experiment. The

" X- inputs are via sockets on the back of the chassis and
>these sockets may be linked to the internal time-base and
X-shift controls, but in this case are directly connected
to the recording system outputs.. There is @ similar socket
for the brightness or Z- modulation of the spot, but as this .
is connected to the cathode ray tube grid by & 0.03puF capac-
itor the time constant is rather shorter than 100ms. The
brightness pulse féom the timer has therefore been connected

to the grid via & 0.5uF capacitor strapped to the outside

of the oscilloscope chassis.

The camera used is & single lens reflex zenith with &
f/3.5, 50mm Industar 1en§§ A supplementary lens was added
so that the camera would focus down to about 200mm. An
oscilloscope camera cone was designed and built to fit the
particular oscilloscépe and camere. It allows: for the corme
to be removed from the oscilloscope by the removal of four

SCrews.
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3.4.5 Power Supplies.

Three different d.c.. voltage supplies are required
for the various circuits: 24V for the pulse lengtheners,
iBV for the charge head amplifier and 12V for the rema&in-
der. The field-mill circuits require the same voltages.
The 24V is supplied by & Farnell L30 regulated power supply,
and the 18V required by the inverted field-mill is supplied
by @& Farnell MSU regulated power supply. The 18V for the
charge head amplifier is supplied by a battery of Flag dry
cells, since the circuit will tolerate no mains noise such
as would come from & mains power supply. The 12V is sup-
plied by two lead-acid batteries, one of which may be re-
charged while the other is in usé.

When in use at the Lanehead Field Centre the 12V
batteries were replaced by a d.c. power supply built and
lent for the purpose by Mr. M.F. Stringfellow, a fellow
student. The 18V supply for the charge circuit consisted

of two 9V transistor radio batteries connected in series.
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Chapter 4.

Calibration of the Rain Detector.

4.1. Introduction.

4.. 2)

During; the design process: the various parts of the rain
detector were tested to show whether they would be suitable
for the sizes and charges of raindrops that were expected.

The earliest @lterations of fhe design were to ensure that the
impact plate would be sensitive to raindrops, and one of the
last glterations was to ensure that results would be independ-
ent of the position on the imbact plaete which the drop strikes..
Similaily the charge amplifier was designed with the help of
tests using drops charged in the laboratory. These tests were
not conclusive so a switched gain control-w&s added to the re-
cording system amplifiers so that the equipment could deal with

a much wider range of drop sizes and charges than was expected.

Charge Calibration.

A device for producing artificially charged drops was need-
ed. This was built following closely a design used by Hutch-
inson (1949) which consisted of & cylindrical earthed outer
body of brass: wholly containing & cylindrical glass vessel into
which was fitted a narrowed fube to act as @ water dropper. The
w#mer flow: was controlled by & tap on @ tube fitted into the top
of the glass cylinder. An electrical connection was made to the

water in the cylinder. A drop appearing on the end of the dropper
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was then in an electric field between it and the earthed outer
body causing it to acquire & charge which it carried out of the
devicé.

The charge so formed on the drop would be affected by the
potential differénce between the water and the earthed container,
and the size of the drops. The same glass dropping tube was
used throughout the work: and the pressure of the waster at the
tip of the dropper was always atmospheric, varying by only small
degrees, so it has been assumed that &@ll the drops were of the
same size. The charge on the drop is then proportional to the
field it encounters immediately before dropping, and this in
turn is proportional to the potentisl difference between the water
and the earthed container. The drop charges are then proportional
to the voltage applied to the water.

.The dropper was itself calibrated by allowing & known number
of charged drops to fall from it into & conducting container
connected to earth via a 0.5uF capacitor. When about & thous-
and drops had been collected the capacitor was discharged through
a bzllistic galvanometer. This ﬁas:repe&ted aanumﬁer of times,
with voltages up to 670V applied to the: dropper, and then the
container was charged directly to 1.5V when holding water, and
discharged after various time intervai;:to estimate the degree
of leakage resistance, and the gbsolute charge on each drop.

The averaée charge per drop per volt &mplied to the dropper was

found to be 0.24pC.
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4.3, Impact Calibration.

It wass assumed that all drops received by the apparsastus
would be falling at their terminal velocity. Assuming that
all drops arezgphericaﬂ the only independent variables that
can affect the impact are mass and velocity. By the first
assumption the velocity is determined by the radius of the drop,
which in its turn is dependent on the mass. Therefore, the
impact iIs wholly dependent on the radius or mass of the drop.

For calibration it was possible to produce @ small number
of different sizess of drop in the laboratory, but to drop them
only through & short distamce so that they could not reach
terminal velocity. The droppers used consisted of glass tubes
of 15mm diameter and 50mm long sealed to shortﬂlengths of narr—
ow tubing. Each piece of tubing was drawn into & narrow spout
which was ground down to give a small aperture through which the
droplets could fall. The radius of droplets falling from these
tubes was controlled by fhe wetted area of the glass surrounding
the aperture. This could be reduced by wiping on to the nozzle
a thin layer of petroleum jelly. By these means two tubes were
prepared and selected which would supply droplets of the largest
and smailest size that it was possible to produce.  The droplets
were measured by counting & hundred off into previously weighed
containers: and weighing the result.

The tubes_were then set up-in turn above the rain-collecting

equipment. The distance from the impact plate to the tip of the
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nozzle was: varied over the range 50 to 600mm and droplets were
allowed to fall on to the plate. The voltage pulse from the
impact plate was noted on an oscilloscope for each size of drop-
let and distamce of fall. In passing, it wass noticed that the
voltage pulse height was the same for consecutive droplets fall-
ing from the same height within the error of personal observation.
The results are shown on figure 4.1.

The ce&libration curves of voltage pulse against height from
which the drop falls show curves for heights up to 300mm and
thereafter a linear section. The linear section implies an
impaet pulse proportional to the energy of drops of eque&l mass, i.e.

V=% mv12TX'éons¢&nt
or Votv]_2 - (1)
where V = voltage pulse from impact
Vl=:velocity of drop before impact
m =: mass of drop.

Considering the impact plate and ceramic support as a system
‘set into damped oscillation by the impulse of the drop, and ass-
uming: the period of o;cilla¢ion to be much greater than the tot&l
time in which the impact takes place, then, by conservation of
momentum:

‘ = - (2
mvl Mvz ( )

where M = effective mass of impact plate

v, = velocity of plate immediately after impact..

2







4.4.

42

are almost coincident and appear to pass: nearly through the
origin, but the others, &lthough parallel, are not coincident,
and, if produced, do not pass through the origin.

The lines: of the greph in figure 4.2 for values of V less
than 1.5V can be represented'by the equation
| v ==klv2r3 - (5)

where ki is @ constant.
The extension of the plot in figure 4.2 representing drop-~
lets falling from the greater heights can be represented by
v =Ik2v253+ f(r) - (6)'
where kz.is a consfant, and f(r) is a function of the

radius r.

Relation of Calibration to the Oscilloscope Records.

The readings® were teken by photographing the oscilloscope
screen as desc?ibed in Chapter 3. The maximum vertical dis-
placement of the spot on the screen was 40mm downwards: only.
The maximum horizontal displacement was 20mm right and 20mm
left.  These displacémentS‘represent pulse heights of 2V for
the:Y- input and éV for each of the X- inputs. When drops

charged to 30V in the dropper described in Section 4.2 were

gllowed to fa&ll into the apparatus, the spot on the screen

moved with a horizontal component of 1%mm. From the c&libration
described in Section 4.2 these drops carried a charge of 0.72pC.
The charge per unit displacement is then:

5»54.X‘IO—2pCmm_l
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Or, in practical terms, @& maximum displacement of + 20mm

will be produced by drops of + L.1pC charge. A1l drops that

have greater charge than this value will cause the same dis—
placement of + 20mm.  Drops of smaller éharge cause & proport-
ignai]y'smaller displacement of the spot. A difference of
ch&rg; of 0.05pC will be barely distinguishable because that
charge is represented by lmm on the screen, which is.of the
order of the sdize of the luminous spot. For the same reason
drops of charge less than 0.05pC will appear to hawve no charge.
' The maximum Y- displacement represents 2.0V, which, due to
attenuation in the circuit, represents 3.0V output from the

impact plate. Taki’ng‘VoLv2r3

a3 @& rough guide for the relat-
ionship between drop size and voltage pulse, and using Best's
(1950) tabless for terminsl velocity with respect to radius, then

the relationship between Y- displacement and drop size is thus:-

Y- displacement Impact pulse 5 v2r3 7 Radius
(mm) (V) (n”s=2x107")  (mm)
0 0 0 £0.5
5 0.37 0.1 0.7
10 0.75 0.25 0.9
15 1.13 0.4 0.95
20 1.50 0.6 1.0
25 1.88 1.0 1.1
30 2.25 1.4 1.3
35 2.63 1.7 1.4
40 - 3.00 2.0 21.5

This*isiaiworking table. Appendix B gives @ complete
derivation of values: of v2r3 from Best's tables. The important

features are that @ll drops that overload the apparstus, and give
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full-scale Y;-deflegfions are of 3mm diameter or more, amd those
giving no apparent deflection are less than lmm diameter. Values
of sizes; of drops between the limits of 0.5mm and 1l.5mm radius
are approximate only, and should on1y be treated as accursate to:
within iIO%l This heas: been considered when deriving conclusions

from the experimental results.
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Chapter 5.

Measurement of Potential Gradient.

5.1. Necessity for Potential Gradient Measurements.

The various theories about raindrep charging have been
discussed in Chapter 1. ATl processes of electrification take
into account the electric field acting in the region concerned,
and in the case of the theory of Wilson (1929) as applied by
Smith (1955) the region is that between cloud and ground. The
potential gradient in this region is therefore of paramount im-
portance in any discussion of rain electricity. Although it
wag not possible to measure the potentigl gradient at different
heights with the simple apparatus available, measurements were
made at the ground to be used as & guide to the conditions at
higher levels. In some cases the measurements may only suggest
the general strength of the field, but often they will give the
sign and a more accurate measure of the field strength. This
is confirmed by observation of’aagréund bﬁsed field-mill when
single clouds pass over the site of observation. A symmetrical
pattern occurs in whiéh the potential gradienf first risess to &
hiéh value, then reverses the sign to & high field of the first
sign followed by a relaxation to the original low potentisal
gradient characteristics of fair-weather conditions. This
simple pattern is dépendent on the sign or polarity of the cloud
and clearly demonstrates that the potential gradient requiress the

presence of the cloud to reach high values, of at least an order
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of magnitude greater than field strengths caused by space
éharge in clear air. Therefore, I ﬁave assumed that the
pofential gradient is generaily consistent in the region
between clbud—base and ground, that iss that high values at
one height suggest high values at another, and similarly for
low values. Notes were taken of the potential gradient that
applied for every exposure made with the rain detector.

What follows is a description of the field-mill used at

the Observatory. At Lanehead a similar instrument wass used.

The Field-Mill.
5.2.1. Physical Description.

The field-mill has: been used by the majority of re-
search workers in the Atﬁospheric Electricity Group at
Durham, and requires no detailed description here. The
field-mill used was powered by an a.c. synchronous motor
rotating at 2700 revolutions: per minute. It had a four-
vaned rotor in the form of =& Msltese cross, & similar stator
mounted- above the rotor when the mill is upright, and &
complete disc below the rotor acted as the detector plate.
The upper stator was then used as & bias plates. The signal
frequency for this mill was therefore 180Hz.

The mill was mounted in an inverted position, that is
with the rotop—stator assembly facing downwards, slightly
less than two metres abové the ground on a Handy-Angle frame

as shown in figure 5.1. The box of the mill containing the
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%

head amplifier and the motor was: shrouded by an aluminium
hood open only on the bottom. A second piece of aluminium
was: shaped so that it could be slid easily on to the hood

to close the bottom face completely. When this was: done

‘the biast of the mill could be set to give the zero.reading.

The hood alsc protected the equipment from precipitation.

5.2.2. Electronic Description.

The circuit used for the field-mill is shown in figure
5.2. Part of the head amplifier was enclosed inﬁaimetal
box inside the field-mill unit so that it would be screened
electrostatically from the motor. The first three stages:
of the circuit are similar to those used in the: charge
circuit of the rain detector. It is not in fact necessary
to use an electrometer valve for this application as & cir-

cuit of sufficiently high input impedance using transistors

- has been devised since this arrangement was put to use.

The valve gives a high-impedance input for receiving
the 180Hz signal from the detector plate.. The first
transistor stage, Trl, an emitter-follower, feeds an att-
enuator whose value was adjusted during testing to find the
most suitable overall gain. The transistor Tr2 is in &
voltage gain stage feeding into a parallel-T filter of 10km
impedance adjusted to cut out the mains interference freqg-
uency of 50HzZ. Another emitter-follower, Tr%, feeds the

line carrying the signal to the laboratory. The circuit
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in the laboratory is designed to feed a O-lmA milliammeter

1
i

or a similex recording nilliammeter. The transistor Tr4
is a voltage gain stage, Tr5 an emitter-follower feeding
the rectifying circuit. The tramsistor Tr6_iS'a d.c.
stage with the meter in the collector circuit. The total
resistance in the collector circuit has to be about 500,
the maximum current being 5SmA. The resistamces are ad-
justed to suit whichever meter is in use at the time.

The d.c. bias to the stator was supplied from a sep-
arate potentiometer off the +24V supply. The bias was
adjusted to give 50% full scale reéding for zero potential
gradient. Positive potehtiai gradients then reduced the
current through the meter, whilst negative potential grad-

ients increased the reading.

| 5.2.3. Calibration of the Field-Mill.

The field-mill was calibrated in the laboratory to
check the lihearity'of the response. The mill was placed
on @ bench facing upwards, and @ metzl plate with a circullar
hole cut just large enough to accommodate the stator-rotor
assembly wass placed approximately in the plane of the stator.
Another plate, similar to the first except for the hole, was
fixed parallel to it and a few cm &bove it. The lower
plate being earthed, potentials were applied to the upper
plate to give potential gradients up to + IOOOVm‘I and @

graph made of potenti&l gradient agaihst the reading of the
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instrument (see figure 5.3;).

5.3. Performance of the Field-Mill.

The field-mill was run at the Observatory for a continuous
period of seven months between January and July 1968 monitoring
the potentialvgradient. In general it was noticed that the
periods of high or fluctuating potenti&l gradients, as register-
ed by the recording ammeter, corresponded to the periods of
rainfall as noted by the electrical rain-gauge at the Observat- .
ory. The potential gradient remained &t low: levels: for most
of the time, this being the fair-weather gradient. This was:
found to be not more than about 200Vm~l and usuzlly positive.
For 15 days of the month of January the value of potential
gradient was read off the recorded chart for every hour during
thelfair—weather'conditions; The average potential gradient
for each of the 24 hours of the clock was taken and plotted
against the timéﬂgf day to show if there was a noticeable di-
urnal variation. Even over this short period a clear curve
appeared with a maximum between 14 and 16 hours: G.M.T.. and @
smaller one at about 24 hours. Minima: appear at 3 hours and
21 hours. It is curious: that this: roughly corresponds to the
diurnal variation observed on the vessels "Carnegie" and "Maud"
as mentioned by Whipple and Scrase (1936). _ More recent work
is described by Sharpless (1968). In this case the work was:
done at the Lanehead Field Centre which had been selected for

its general lack of air-pollution, and where the results deserve




more serious consideration. in my case the results were obtain-
ed at the Observatory, which is within the boundary of the City
of Durham and must be subject to atmospheric pollution due to
domestic coal fires and so, indirectly, to the regular habits of
the human population. Results taken over a short period cannot
be treated Wdth_the'same consideration a@s an extended survey.
Although the fair-weather potentisl gradienf was: generally
steady, the record of the gradient was far from steady.during
wet weather. When the precipitation was fine rain or drizzle
falling from stratus clouds the gradient did not reach high val-
ues;, and spm;timeS‘couid not be distinguished from the fair-
we&¢her\¥raée. - Cumulus cloudé:were the cause of high fields
and frequent reversal of the field.. The potential gradients
even under some non-raining clouds and under most ra&ining cumulus
clouds #ere of the order of four or more times greater than the
fair-weather gradients. Thunderstorms showed similar effects
to the nonfﬁhundery‘cumulus clouds except that the fields: were
greater and the reversals more frequent. ATherg might be five
or fen field reversals per minute under non-thundery showery
conditions,.but thiss would increase by an order of’maggitude
.when é thunderstorm was present. By observing the meter showing
the~potenfial.gradient, it was possible to observe field reversals
taking‘piace extremely quickly immediately af'ter nearby'flashes
of -lightning. These reversals were more rapid than the instru-

ment éould show-. Theoretically the field change is simultaneous
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with the flash, but in practice the field-mill is limited by the
‘time-constant of its amplifier, and by the mechanical inertie of

its  meter.
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Chapter 6. : b

Observations of Rain.

6.1. Sites: at which Observations were made.
The site originally planned for making observations was:

. Durham University Observatory which is situated within the
boundary of the City of Durham, about lkm south-west of the
cenfre. It was; designed as an astronomical observatory and
was built on the top of a small hill at a height of 100m above
seg3level. It has a well-appointed laboratory which has been
in use by the Atmospheric Physics Group of the Department of
Physics: for some years. Some observations were made here
during the'sﬁmmer'of 1968. For & short period in September
and October 1968 the equipment. for measuring raindrops was in-

.staTIed at the Lanehead Field Centre of the Department of Geo-

~ graphy. This: is a converted school in upper Weardsle some 56km
west of Durhanm. At a height of 43%4m above sea-level the atmo-
spheric pollution at this Centre is so sma&ll that if can only
be measured with difficulty. Since 1966 thé Centre has &lso
been in use by the Atmospheric Physics: Group as @& Field Centre.
Equipment already set up supplied measures of potential gradient
and wind speed and direction, amd also of space charge, conduct-
ivity gnd rain current levels.

The Lanehead site was chosen. for a few late readings of
single drops after a fairly dry summer in Durham which had aff-

orded little opportunity for obtaining results. Lanehead receives
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the greater mean annual rainfall of 1500mm compared with about
650mm: at the Observatory, and that suggésted e greater chance

of rain in a given time. The Lanehead Field Centre a&llows: the

observer to reside in the: same building a&s: the equipment and so

there need be little delay between the commencement of precipit-

:ation and the start of observations. Much of the rainfall st

Lanehead was' associated with high winds which made readings
difficult. For that reason only hglf the time that rain was

falling was useful for readings.

Taking Readings.

The apparatus has: been described in detail in Chapter 3.
The film used in the cemera was Ilford HP4 35mm miniature film,
bought in'bwlk and cut up and loaded in caséettes for the present
work. It was developed in "Acuspeed‘" developer, and fixed using
"Amfix" fixer. The darkroom at the Observatory was used for all
the photographic work.

The 24V power supply and the 12V supply were generazlly left

on continuously, but the 18V battery was only connected up when

‘precipitation had started or appeared imminent. A second oscill-

oscope was used at Lanehead to monitor the output of the impact
circuit in the head‘unit. This showed that a high frequency
oscillation was produced by this circuit for about a minute or
so after plugging in the 18V battery, and it was necessary to
wéit until the circuit had settled before attempting to take

readings. This oscilloscope was useful in giving @ clesar

A
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indication of when drops were falling on to the impact plate

by showing the rapidly decaying oscillatory waveform which is
characteristic of the drop impact. The mechanic&l system of
the impact plate has its; own resonant frequency at which it
vibrates in any condition of wind. If the wind is sufficiently
great the recording system may trigger, depending on where the
sensitivity level is set (see Section 3.4.1.). The monitoring
oscilloséope showed whether raindrops or wind caused the system
to trigger at any one time.

Observation shows that rain generally falls in approximately
parallel lines. The head unit must be aimed into the rain to
collect the maximum possible number of drops and, if the wind
direction or strength varies, then the angle and direction of the
head unit must be adjusted accordingly.  Fortunately once set
the head ﬁnit rarely needed adjustment ass the rain feli steadily
from one direction on most occasions.

When the head unit had been aimed into the rain the oscill-
oscope was set so that the neutréi position of the spot was: at
the top of the screen and in the centre. Sometimes it was
neéessaryito use dry battery cells: to supply a d.c. bias to
assist in this adjustment. The spot brightness was then red-
uced to a level below visibility so that the Z-modulation pul-
ges just brought the spot into visibility. As the camers is
a reflex model all this édjusting could be done with the camera

in place whilst observing the screen through the view-finder.
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This was a check on the focusing of the camera. The camera
was always set on maximum aperture and exposures were made on
the "B" or brief exposure setting, the shutter being held open
by a screw clamp on the cable release. Exposures were made
for any length of time between 30s and 10 minutes: or more, and
usually with the least possible time delay between them.

The length of time for each exposure was varied to discover
what times were most suitable. Too small & number of drops
would be registered when very short exposures were made but
conditions in the atmosphere would vary considerably during &
long exposure, and as any drop pattern would be expected to
depend on thesé_atmospheric parameters, ndsp&ttern would be
likely'tb emerge from a long exposure. In prsctice exposures
were changed when the potential gradient was reversed or showed
a2 sudden change, but otherwise readiﬁgs*would be taken for
consecutive periods of one, two or five minutes. In the
thunderstorms of July lst and 2nd the conditions varied very
rapidly, with the potentia& gradient changing sign more than
once each minute. It was inevitable that each exposure should
cover a range of atmospheric conditions. By comparison several
periods of steady rain were encountered when the potential
gradient and other conditions did not apparently vary for up to
30 minutes. Other showers and periods of rain ranged between

these two extremes: of activity.

The recording system allows for considerable variation of
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gain for both the impact and charge amplifiers, but in practice
in the present work the same settings were used for all the
readings taken. As marked on the circuit diagrams, figures
3.8 and 3.9, the gain on the impact circuit was 100x and on the
charge circuit 10x. The sensitivity'of.the oscilioscope as
set was: 100mVom™! in the X- direction and 50mVmm™ > in the Y-
direction.

When readings had been téken the film could be developed.
Unfortunately this: meant inevitable delay, particularly when
readings were being taken at Lanehead, and it was & long time
before the lessons learnt from one: set of negatives could be

applied to the taking of the next film.

General Classification of Cloud Types.

It was not the purpose of this work to limit observations
to conditions when clouds were electrically active, but to
measure the parameters of raindrops in every period of rainfall
encountered. Rain was expected particularly from nimbo-stratus
and cumulo-nimbus clouds but also from cumulus and, in the form
of drizzle, from stratus clouds.

The broad heavy_nimbo—straius clouds wefe responsible for
steady rainfall ovér long periods. During these times- the
potentigl gradient as measured by the field-mill varied only
slowly and generally registered values that were not in excess
of IOOOVm_l and were more often negative than positive. The

lighter stratus clouds were similarly responsible for lowi and
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generally negative potential gradients, but the rain would come
either as drizzle, or, in the presence of & gusiy wind, in int-
ervals of slanting rain interrupted by dry spells. This latter
condition was frequently observed ‘at Lanehead, and may be more
prevalent in hilly areas.

Cumzlus clouds were £he cause of much greater fluctuations
in the potential gradient thén were stratus. The rain which
fell froﬁ them was usu&lly only for short periods of & few
minutesanbﬁt.could be for longer periods if the clouds were
collected into large banks. The condition ﬁsuaily described as
"showery" was @lmost always the result of banks of cumulus, res-—
ponsible for steady rainfall interspersed with very heavy short
periods of rgin and, in some cases, thunder. The two earliest
‘sets~of results were taﬁen during active' thunderstorms. The:
potential gradient was off-scale on the meter, that is in excess
of IOOOVm_l, for most of the time in these conditions, and re-
versed very frequently, in-some cases up to four or five times
in a minute. The rate of rainfall was the greatest experienced:
typically 10mm fell in 10 minutes. Much has been written about
thunderclouds; Chalmers (1967) gives a good summary in Chapter I2

of his book.

Weather Conditions at Time of Measurement..
Appendix A includes = summary of the weather conditions a#t
the time of each exposure. I have classdified the condition into

four general groups, two based on cumuluS‘clouds and two on stratus.
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Grqup A includes all conditions: of stratus clouds and light
winds in which light rain or drizzle is falling. This includes
rain periods: 22. and'gi.

Group B includes all conditions of stratus; and nimbo-stratus:
e¢louds and brisk winds in which the rain is continuous, cold and
frequently wind-blown. The potential gradient may be low, but
is usually high and varies: in magnitude and sign. This includes
periods 18, - 21. and 23. |

Group C includes @l conditionss of cumulus or'cumulo-nimbusr
cloud in which thunder can not be heard. The rain falls in
showers, the wind is light and the potential gradient genefaILr
variable in magnitude and sign. This includes periods: 1ll.. - 17.

Group D includess conditions of cumulo-nimbus in which thunder
is heard. This includes periods 1. - 3.

The exposures have been analysed in terms of the above group

classification although the boundaries between the groups cannot

" be precisely defined.

Description of Exposures made in Rainfall.

The 182  useful exposures made are displayed in Appendix A.
Each exposure consists of & pattern of dots, each the result of
the measurement of one raindrop. The parameters represented by
the position 6f é&ch spot are represented in figure 6.3.. Each
exposure shows: a distinct pattern of drops, and it can be seen
how: consistently these patterns are repeated during the periods

of rainfall. In each period exposures: were made up to the time
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when the rainfall finally ceased.

6.5.1. Exposures in light rain from stratus. (Group A)

The exposuress showr that raindropss of Group A may be
negatively charged or have little charge. The negative
charge is of the same sign as the potential gradient in
almost &ll of the exposures. A simjilar pattern was ob-
served on all of the exposures, showing that the conditions
were steady throughout the period of measurement. A typ-
ical exposure is sketched in figure 6.3. !

6.5.2;_Exposureszin continuous; or spitting r&in from nimbo-stratus
and stratus. (Group B)

The last eleven exposures: of period 23. Lave more spots
than the remainder of the group and this corresponds to the
lighter winds' and heavier rain present at the time of these
exposures. In genergl exposures of this group have drops
of all siges within the range, but the charges: they carry
are little or negative up to and possibly exceeding -I1pC.
Very few positively charged drops are found, and these only

| with & low: charge. There seems to be a tendency for spots:
to be grouped about the vertical axis representing little
charge for in no case is this grouping absent, but in some
cages there. are spots in no; other place on the exposure..
Exposures from Group A are admissible as exposures of Group B

made in conditions with smaller and fewer droplets. As in
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Those exposures: made in heavy rain show a completel&'filled
rectangle on the film. In the lighter rain at the begin-
ning and towards the end of the rainfall the exposures are
similar to those for period 11 with several drops' of all
sigzes and little charge and some drops of medium or perhaps:
i&rge éize (2 - 3mm in diameter) and negative charge of up
to -1pC.

Rain period 15 had a potential gradient varying between

0 and -IOOOmel. .These exposures show many drops of &ll

"sizes:with little or no charge. A consistent pattern on

all the exposures shows drops: of negative chérge of -1pC
or greater and of 1 to 3mm in diameter. Any positively
charged drops; only had a small charge. All the drops of
cﬁarge greater than 0.5 pC had charge bf the same gign &s
the potential gradient.'

The seven exposures in periods 16 and 17 are nearly
symmetrical between positive and negatively charged drops.
There is perhaps: & slight preponderance of negative drops.
Altﬁough the first period was & shower and the second &
period of steadier rain the potential gradient fluctuated
between positive and negative in both cases. The steady
rain period &ppears:to'have contained largef droplets than
the shower, and also to have higher.maximum‘charges on its
drops, but this would correspond to the greater values of

potential gradient during that period.
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Figure 6.3. illustrates some of the typical exposures
to be found in Group C, including the height of a shower

and the quieter period after a thunderstorm.

6.5.4. Exposures in thundery rain. (Group D)
Some of these photographs were incorrectly exposed as

théy‘were the first results to be obtained. No.19 onwards
in period 1 were exposed with the gain of the Y- amplifier
attenuated to halflitS‘uéu&i value. The thundery exposures
show; a much greater variety of pstterns then the other results
from cumulus. Generally the exposures made in thundery
conditions were of shorter duration, Between 30s and 5 minutes,
than for the other cumulus' conditions. The exposures: show
.an almost general preponderancé of negatively charged drops
over positive drops. There does not appear to. be & great
correlation between the potentiazl gradient at the time of
the exposure and the pattern on the film, buf a more detailed
discussion of the exposures of period 1 is made in Section 7.3.

| The exposureswof'period 2, when the most violent thun-
derstorm was raging, were mostly made for ZPminuteéfe&ch,
but have fewer spots per exposuré than those of pgriod l.
Also most of the drops were small but highly charged, with
the exception of nos. 7,8 and 9 at the start of £he violent
part of the storm when the drops: were of all sizes and coﬁ—
paratively plentiful. - In period 3 few drops reached the

apparatus in the first one minute exposure, only the second
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and last exposures, made for 3 and 9 minutes respectively,
show a reasonable pattern of spots.

Figure 6.3. shows typical exposures from each of the
thundérstorms in periods 1 and 2, but the variety‘of poss=

ible patterns can be seen in full in Appendix A.

6.5.5. Summary.

In most of the result exposures made there appeared
to be a numerical preponderance of drops with Iafge negative
charges over drops with large positive charges. This app-
lies eqw&ily to rain from cumulus and stratus clouds. The:
largest drops fell from cumulo-nimbus clouds, the smallest
measured were from stra#us.clouds in drizzle-like conditions.
Cumulo-nimbus clouds produced drops up to: and apparently
greater than the measurablé limit in .charge, but so &lso

did nimbo-stratus clouds. The cumulo-nimbus clouds only

failed to produce drops of high charge when the potential
gradient had reverted to &)fair—weéther level towards the
end of a shower, whereas the stratus and nimbo-stratus clouds
produced drops the magnitude of whose charge have some rel-
ation to the magnitude of the potential gradient existing,
and to the physical magnitude of the drops themselves:.

Curved patterns that could possibly be compared with Smith's
(1955) patterns were only found in the rainfall from cumulus
and_gumulo—nimbus clouds but even there they are rather vague

and it is difficult to suggest & definite conclusion.
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Chapter 7.

Discussion of Results.

7.1l. Comparison WithiRGéUltS?Of Previous Workers.

A general discussion of the results of previous workers:
is» in Chapter 1. The present results confirm previous con-
clusions that rain falling from cumulus and electrically active
clouds is much more highly charged than that felling from stratus
clouds. In general previous wdrkers mostly found a greater num-
ber.of positively charged drops, bwut that the most highly charged
carried negative charge. The present results: confirm that from
cumulus and cumulo-nimbus clouds the more highly charged drops
are mostly negative, but also suggest that on most of the occ-
asions thereis a majority'of negatively charged drops. This
last observation is not conclusive &s: the lower limit of sens-
itivity of the equipment to electrical charge would prevent many

dfops of charge less than I0.0SlpC from registering & finite value

of charge.

The present results do give & broader picture tham was: pre-
viously available as they describe the amount of variation of
charge and size distributions that occurs in different conditions
of rainfall. For example it is made apparent why the figures
of many previous workers for the positive/hegative total charge
ratio and the ratio of numbers of drops carrying each sign of
charge are in considerable disagreement. The amount of charge

is closely dependent on the prevailing conditions, and these
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conditions: vary rapidly. It is unlikely that the observations
of any one previous worker would.have been taken in the same
conditions as those of another. In some of the earlier cases .
the conditions must have vgried considerably during the period
of each observation.

The results of Smith (1955) are an exception to the above
generalisations. Smith's conclusions were that the drops could
have acquired their charge by the mechanism theoretically deviéed
from Wilson's ion-capture theory. To agree with Smith the pre-
sent results would ﬁave to show that the larger drops had charges
of the same sign as the potential gradient and the smaller drops
had charges of the opposite sign. In these results it is not
usually easy to tell what are the exact charges of the smaller
drops, but for the larger it is more obvious. During the thun-
der rain periods: and considering only those exposures which show
a definite positive or negati&e cﬁarge on most of the larger
drops: about twelwve are in agreement with Smith's predictions and
about nine are not. In the cumulus rain where no thunder was

‘heard the majority of those exposures showing a definite pattern
are in agreement with Smith's pfedictions, although most of these.
are in conditions of negative potential gradient. The less con-
sistent results from thé thunder rain could be explained by the
rapid change in conditions at the times of measurement. In two
cases' (1.15 and 1.25) results apparently inconsistent with Smith

came shortly after a flash of lightning and & rapid reversal of
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the potential gradient. Had the raindrops begun falling before
the fl&sh.in the previous conditions then these results &lso:
would héve been consistent. None of the result exposures show
a pattern as clearly defined as that in fig. 1.1 so, further
than what haﬁ~been described, the present results do not subport

Smith's results.

«- New Information Discovered.

The major difference between the present results and those
published before is that these exposures made in quick succession

show the development and alteration of the conditions during each

period of rainfall.

7.2.1. The size of raindrops.

(buds are made up of ice crystals or water droplets or

both. These are formed by condensation of water vapour on
or by the Freezing of waler dropiets.

to nuclei in the atmosphere,h_ When both the ice phase and
the water phase are present in a cloud the freezing level is:
that above which most of the ice crystals: are found.
According to the Bergeron theory of raindrop formation ice
crystals: in or near the freezing level grow at the expense
of water droplets in the same region and, becoming too
massive to stéy at that height, fall to the ground, probably
coalescing with other dropllets on the'w&y; According to

the coalescence theory of the initiation of precipitation,

an accidental process of coalescence between droplets takes:
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place within the cloud and some larger drops are formed

which themselves fall and may collect other droplets on

the Way;

If raindrops are considered which fall from clouds in
which there are no significant updraughts or downdraughts,
for example, stratus and nimbo-stratus clouds, them drops
which begin their fall near the top of the cloud are likely
to have more opportunity for coalescence with other dropé
and so to be larger when they eventually reach the ground
than raindrops which fall from & lesser height. In clouds
where there are updraughtss and downdraughts a droplet fall-
ing against an updraught will effectively feall through &
much greater depth of cloud than it otherwise would and
conversely, drops in downdraughfs;would pass through a

relatively thin layer of cloud. In rain from cumulus and

" cumulo-nimbus clouds, which have strong vertical currents,

a wider range of drop size than from stratus clouds is to
be expected, as drops falling against updraughts will have
grown more by coalescence and those in downdraughts less.
During the times of making measurements the appearance
of the raindrops was observed. The largest drops observed
fell during the thunderstorms, and the rainfall which was
responsible for the smallest maximum size of>drop was the
fine drizzle from low-lying stratus clouds at Lanehead.

Non~thundery cumulus clouds never produced drizzle, the
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raindrops always contained some'larger drops if rain fell
at all. Nimbo-stratus clouds: were capable of fairly large
drops, but never as large as those from cumulo-nimbus.

To somé extent the photographic results agree with
these observations, but droplets greater  than the maximum
size of %mm diameter are all registered as the same size.
A1l clouds with the exception of those stratus clouds pro-
ducing fine drizzle, showed some dropiets up to this size,
but the cumulus clouds appear to have produced more drops
in excess of this size in proportion to.the total number
than do the stratus clouds. The minimum size that would
register withvthe appaiatus will also have limited the
photographic results as: the large proportion of very small

droplets, less than 0.5mm in diameter, in the stratus drizzle

could not be recorded.

7.2.2. The charge of raindrdps.

cumulus clouds were supposed to be more electrically
active than stratus and so to produce raindrops with greater
‘charge‘in proportion:to their size. With the exception of
the thunderstorms the results do not bear this out. Some
cumulus clouds produced rain with liffle charge, while some
étratus clouds produced raindrops with charges up to the
maximum measurable with the equipgent.

cumulus clouds give the impression of electrical acti-

vity because of the fluctuation of potential gradient for




which they are responsible, and also because of their neax
relationship to cumulo-nimbus clouds. Stratus clouds are
essentially ;teady and unvarying, both in the rain that they
produce, and the potential gradient for which tﬂey are
‘responsible. But the stratus clouds which produced the
rain at Lanehead in September 1968 were 500m above sea-level
at base and most likely contained a fair proportion of ice
crystals. It was observed in the work carried out by
Workman znd ReynoldS'(1950) that large potentials are created
when waéer freezes, and this could account for the charges
on the rain from some of the stratus clouds. The cugulus:
cioudswexist in a whole family from thunderclouds down to
small non-precipitating clouds in an otherwise clear sky.
The electrical activity of these cloudss is in a parallel

gcale,at a maximum in the thunderstorms and at a minimum

where precipitation cannot or can only just take place.

Some cumulus clouds then will produce drops: which are rel
atively little charged when compared with the average: for

cumulus.

7.3.. The Sequence of Rain Exposures.

The exposures made during the periods of rainfall are set
out in chronological order in Appendix A. For each period of
rainfall the length of time between consecutive exposures was
as short as: possible, being the time to wind on the film and

open the shutter. The only exceptions to this rule occur where
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the film in the camera: had to be changed or rain had temporarily
ceased.

The sequence of each set of exposures should then show the
history of each period of rainfall measured. It would seem
likely from observation of potential gradiént that the cumulus
and cumulo-nimbus clouds would be responsible for more variation
in the patterns of the spots on the exposures than would the
stratus and nimbo-stratus clouds.

In the periods of light rain from stratus clouds'(Group_A,
nos.22 and gi) the pattern appears consistent throughout. There
are only two exposures in period 22 but the seven in period 24
shows only & general slackening off-of the amount of rain falling
without much change in the pattern of spots caused by the rain-
drops.

The other periods of rain from stratus and nimbo-stratus
clouds (Group B, nos. 18 - 21 and gz) show more variation. Of
thesenos.20 and 23 have a significant number of exposures. The
results from period 20 show basically the same pattern being re-
peated with fewer and fewer drops as the rain petered out, whilst

in period 23 the patterns show more highly charged drops with the:
size and charge of the drops varying from exposure to exposure. |
This observation matches the steady potential gradient apparent
during'period 20 and the varying'conditions.operating during

period 23.

Group C includes the rainfall from cumulus clouds when thunder




72

wes: not heard, periods 11 - 17, The fifteen exposures of period
11 show almost no change in the nature of the rainfall apart from
'a gradual increase and decrease in the quantity of rain falling.
This corresponds: to the steady potential gradient which kept to

a fair-weather condition throughout. Periods 12 and 14 show
similar sequence patterns to each other. In each case they
commenced with a high and fluctuating value for measured potential
gradient and ended with & low,steady, positive value. The drop
size distribution remains: wide throughout the rainfall, but the
drop charge distribution contracts: slowly as the activity of the
potential gradient lessens. It should be noticed that some of the
later exposures in each period were made for a longer duration than
the earlier ones. The other periods of rainfall have not produced
exposures which show & marked lessening of the rainfall. With

the exception of those in period 11 all the series of exposures:
show significant variation with time of the predominant charge on
the drops. In some cases the change of the predominant charge
corresponds to a change in the measured potentisl gradient. In
rain period 12 the potential gradient sign changed from positive

to negative between exposures 2 and 3. The sign of the predominant
drop charge @lso. changed from positive to negative in these exposures.
The difference between periods of steady and fluctuating potential
gradient is shown in period 15. Exposures 4 - 7 have a narrower
distribution of charge than those preceding and succeeding, and

were taken at a time when the potential gradient was comparatively
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ste&d&. The difference between rainfall in conditions of high
and low potential gradient is seen between periods 16 and 17
where the exposures of period 17 show drops of considerably great—
er charge than those of 16. In period 12 the conditions of high
and fluctuating potential gradient were succeeded by conditions
of low and éteady potential gradient during exposures 5,6,7 and
8. These same exposures show a clear reduction in the maximum
charge on the drops measured.
The exposures taken during the thunderstorms (periods 1l and
2) show more variation between successive exposures than those in
any of the other rain periods. This corresponds to the fluct-
uating potentiai gradients that were present at all times during
the thunderstorms, but it is difficult to match the changes in
distribution to the observed changes in potential gradient.. -
However the sequence during period 1 is fairly distinctive:-
i - 4 Preponderance of positive charged drops changes to
an overall distribution of charges.
5 = 8 Overall distribution reduces to small.drops.
9 - 1% Negative charge preponderance changes to positive
charge preponderance.. |
14 - i? Drop5‘with small charges: gradually change to a marked
curve of smaller drops with negative charges and larger
drops with positive chargesi.
18 - 25 Positive charge preponderance changes to overall charge

distribution.




74

26 - 31 Curve in opposite sense to no.l7 followed by negative
preponderance and development to full charge distribution.

32 & %3 Short exposures with few:buf relatively highly charged
drops.

34 Long exposure probably like the preceding.

35 - 42 Cessation of rainfall followed by generally full
distribution. No:39 shows the rough outline of a
curve in the same sense as in no.17.

Three curves appeared in the exposures such as might be
expected from Smith's calculations. In three separgte and distinct
occasions a preponderance of drops of one charge gave way to an
overall distribution. This seemed to be followed by a cess&iion
ot partial cessation of rainfall, before a repétition of the pro-
cess.

The exposures from period 2 show rainfall of a quite different
‘character. Most drops are small except for four exposures nos.7-
12 where a small proportion of larger drops were also measured.

Rain period 3 is unfortunately too short to show & distinct seq-

uence.

7.4. Summary.

The general conclusions: to be drawn from the photographic
results are that the comparative level of electrical activity
between cumulus and stratus clouds is reflected in the charge and
size range of raindrops falling from them. It is not always

possible to correlate the sign of the measured potential gradient
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with the sign of the predominant charge on the raindrops.
The sequence of exposures in thunderstorms does appear to show
the development and decline of individual thundercloud cells as

they move: over the site of measurement..
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Chapter 8.

Conclusion.

8.1..

The Apparatus.

Throughout the experimental period when results: were taken
the equipment broke down only once when it failed to register
charge and a number of results were lost. Otherwise it behaved
very reliably in conditions of wind and rain. The danger of
insulation breagk-down was the greatest worry but apparently no
rain entered the compartments where the electronic circuits were
housed or mansged to short-circuit the electrostatic induction
ring to earth. Once the recording system, which was housed in
thé laboratory, had been set up with all the experimental work
that was involved it was reliable during the period of teking
observations.

The criticisms of the‘apparatus‘are entirely criticisms of

of design. My suggestions for better designs are discussed in

Section 8.3%.

The degree of success: of the results.

The apparatus was used successfully in a wide range of rain

'conditionsu It is possible, therefore, to describe the typical

charge/size patfern which may be expected from particular clouds
in particular conditions as shown in figure 6.3. The stratus:
clouds give consistent narrow patterns with drops of low charge,

with little variation between successive exposures. The cumulus:




8.3..

APossible Improvements in the Apparatus.

particularly in the induction ring charge circuit amd the re-

7

clouds give a variety of patterns varying probably with the
state of the cloud from,ﬁhibh the drops have fallen. This
does not necessarily'suégest that the charge on the drops is
decided before it leaves the cloud-base, but it does imply that
possibility.

The thunderclouds-were alone in supplying results which
appeared to reinforce Smith's results, but this only occurred
in three exposures. The regular pattern shown by the sequence
of thunderstorm exposures suggests a definite correlation with
the movement of cloud cells overhead or with the rise and decline
of the cloud cell. The approximate period of the pattern is
about 30 to. 40 minutes which suggests correlation yith the
movement of clouds overhead, as thé cloud life cycle is generally

considered to lgst about 1 or 2 hours.

Although the equipment operated reliably in the field its
basic principles were simple and the }anges of drop sizes;and
charges which it could measure were limited. A new apparatus
should be capable of recording a greafer range of both charge
and size of raindrops. This would require more sophisticated
electronic circuits both in the head unit and in the recording

system. The circuits: developed for the present equipment are

very crude and a considerable amount of improvement is possible,

cording circuits. The range of drop sizes; measurable could be
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increased by using & second more éensitive type of mass detector
in combination with the present impact plate.

The present induction ring circuit uses an electrometer valve
for the first stage in order to give @ high input impedance.

This could be replaced by a Field Effect Transistor and there
would be less risk of failure over & long'period.

I would alter the recording system fundamentally by introd-
ucing a clock circuit. This would be a multivibrator running
at a frequency of 100Hz which is much greater than the maximum
possible rate of collection of drops. The outputs of the charge
and mass detectors would be respectively sampled at this frequency.
The output of the system would be pulses or trains of pulses which
could be recorded magnetically, or stored on paper tape along with
information about the wind velocity, the potential gradient, the
temperature, the nature of the cloud.and the time of the measurement.
These figures would be ahalysed by a computer programme designed
to show any possible correlation between the mass/ch&rge patterns
and the prévailinglweather conditions.

In the head unit better arrangements for measuring the mass
and charge of small drops is required. Thé present arrangement
neédsilittle adaptation to cope with the largest masses and charges
found, but was not sufficiently sensitive for the smallest. Smith's
(l9555ﬁgrrangement for the smaller masses of measuring the time
of fall between two induction rings could be incorporated. Al-

ternatively, the impact plate could be moved so as to increase
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artificially the impact effect of the smaller drops. For
example, if the plate were mounted vertically and moved hor-
igontally at & constant speed the impact signalss would be directh
proportional to the mass of the drops, i.e.To instead of to vr2r3
as at present.

Bven if the impact plate mechanism was not so drastically
altered some improvements could be made to eliminate the effect
of Wind on the mass measuring equipment. A large baffle round
the apparatus would help to reduce the wind driving on to the
impact plate and so producing false readings.

Keeping the head unit aimed into the direction of the rain-
fall is another problem which could be automated. Servo-motors
could be arranged to aim the head unit for both direction and
inclination as controlled by & wind-vane and anemometer.

I have suggested that readings could be taken down on paper
tape, but if the photographic.system of recording were to be used
then Polaroid cameras would give results which could be seen
shortly after the exposure and so guide the making of the foll-
owing exposures.

The whole apparatus, head-unit and control circuits, could
be made in a form that is easy to carry and could be run by dry
batteries. The use of Integrated Circuits would reduce the size

of the recording system so that it could easily be used in the

field and carried from place to place.

A method of protecting the head unit from the wind would help
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8.5.
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to avoid the .spurious results caused by gusts of wind over the
top of the apparatus. A longer head—unit'might be less prone
to wind effects at the'impact plate which would be further from

the aperture.

Future work on measurements of raindrops.

The results which have been described were all produced
on one set of apparatuss mounted at ground level. Most of the
results came from one period of six Weeks;in the autumn of 1968.

The next step would be to increase the period for which
observations are taken. Results from all tﬁe rain that fell
in one or more periods of twelve months would give a more com-
prehensive view of all possible rainfall conditions. Two or
more sets of equipment working simulbMteously in different bplaces;,
and if possible at different heights from the ground would dem-
onstrate the variation of the results with horizontal and vert-
ical distances. It would be interesting to have results from
various sets of equipment placed in all different parts of , say,

this country for one year.

The Next Step.

At the time of writing weather forecasting in Great Britain
is about to be helped by the purchase of a new computer for the
Meteorological Office at Bracknell. The need for this is due
to the short time in which a large quantity of data has to be

processed for a forecast to be published.. In ar similar way &
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large quantity of data will be needed to describe more completely
the processés occurring within and around rain clouds. A large
number of ground—level and elevated measuring devices working
simultaneously over a defined area during various conditions of
precipitatioh and fine weather could supply this data. The in-
struments would include devices for measuring potential gradient,
wind velocity, temperature, air-earth current, drop charges and
sizes and ionic conductivity.

Using this equipment it would be interesting to plot the
complete life cycles of & number of thundérclowd cells to see
how much theY'conform to the pattern as it is understood at

present..
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Appendix A.

Photographic record of results: and description of wedther conditions

at the time of measurement.

This  appendix is @ complete record of all the photographic

exposures used in the thesis.

Facing each page of prints is @

description of the rainfall at the time the exposures were made,

and details of the meteorological conditions for each exposure.

The timé, in Greenwich Mean Time, and duration of each exposure

dvealso noted.

The abbreviations in the tables are thus:-—

Potentiagl Gradient, Magnitude

Sign
Variation
Cloud
Wind

Rain types

H
L
+

+ -
f1
st

Cn
Cu
St
" Ns

L
Bl
Nil

Th
Sh

L
L.Sh
St

W

Dr
W.Dr

high, > 700 Vn 7
- Tow, < TOO Vm

positive

negative

- both signs during exposure

REER]

cumulo-nimbus
cumulus
stratus
nimbo-stratus

oy

= light (<force 3)
= blustery (>force 3)
= calm

thundery rain
showery r&in

Tight rainfasll
light showery rain
steady rain
windbIown rain

=: drizzle

= windblown drizzle

~| i

The descriptions are based on personal observation at the

\




time of measurement.

The exposures: consist of a number of white spots within
the bounds of a rectangle. Thenorigin is at the centre of’
the top liné and is generally clear because frequently there
is a preponderamce of spots around it. 'Spotsxfurther away
often appear as; streaks pointing away from the origin. The
values of charge and size represented by spots in different

places is shown in figure 6.3.







1., July lst., 1968. 12,09 - 14.32 hrs. G.M.T.

This  was a thunderstorm lasting about three ﬁours. No
useful readingS‘Were taken in the earliest part of the storm
but otherwise exposures were made up to the end of the storm.
The preceding days had been unusually hot and sultry producing
instability, and thunderstorms over two days in the Durham area.
Rain fell continuously during the period of the storm, but var-
iied in intensity. About six lightning flashes: appeared to be
ciose to the place of meaéurement; these were mostly accompanied

?by'rapid reversal of the potentigl gradient and a sudden increase
| . .

in the intensity of the rainfall..







Rain period I.

No.

W OTOVUT W N -

Potentisl Gradient

Magnitude

H
B
H
H
iy

==

FHM HEE T XD E G e T

=

R

(1.7.68)

Sign Variation Cloud Wind Rain Duration Time

Todtors e+t teetTtt T e B

I
fI
fl
fl
fl
fl
fl
fl
fl
fl
fl
fl
fl
1
fl
fl
f1
fl
fi
fl
fl
fl
fl
fl
fl
fl
fl
fl1
fl
f1l
£l
fl

Cn
Cn
Cn

- Cn

Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn
Cn

Cn

Cn
Cn
Cn
Cn
Cn
Cn
Cn

L“b‘t"b‘b‘b‘t‘b‘t‘b‘b‘b‘t"t‘*b’t“t"‘t“t“t“t‘b‘t“b‘b‘t“b‘t"t“t“t"b‘

Th

Th .

Th
Th
Th
Th

Th

Th
Th

Th'

Th

Th

Th
Th
Th
Th
Th
Th
Th
Th
Th
Th
Th

- Th

Th
Th
Th
Th
Th
Th
Th
Th:

(mins)

3;

(S gy
H-hml-“m'\ﬂ"'\’l‘mf"i—'u“’l-tml-fl\)\n-b-hr\)-b\)’l\ﬂ\n\_!‘lr\)m\)lkﬂl\)\nu‘l-p.\nw

12.09
.12
15
A
.25
.30
35
<37
.47
.50
.58
.00
.05
.10
.15
.20
.24
«26
.31
035
.40
.42
.43
.43
.46
A7
.48
.49
.51
54
54
.59

]
N







2.July 2nd., 1968.. 9.47 - 12.00 hrs. G.M.T.

A period of heavy rain for the first half-hour was followed
by a dry period lasting almost three-quarters of an hour. After
thiS‘there was: a very violent thunderstorm lasting half an hour
with very frequent lightning flashes and potential gradient re-
versals, and almost continuous very heavy rain. The lgst half-
hour showed less eiectrical activity and the rain was less heavy,

finally petering out at mid-day.

3.July 2nd.,. 1968. 17.17 - 17.30 hrs. G.M.T.
This was & brief heavy shower later in the same d&y'&qithe
thunderstorm in 2. Although the clouds appeared to be cumulo-
niﬁbus and the rain heavy, no lighniﬁg°was observed near to the

: recording site.







Rain pewiod 1. (1.7.68)

Potential Gradient
No. Magnitude 8Sign Variation Cloud Wind Rain Duration Time

(mins)

33 H - f1 © Cn L Th 1 14.00
34 H + fl Cn L Th. 4 .01
35 2 +- £1 Cn L Th 3 .06
36 H + £l Cn L Th 4 .09
37 B + f1 Cn L Th 1 .13
38 B - fl Cn L Th 4 .14
39 H + f1 Cn L Th 1+ .23
40 B L - fl Cn L Th 6 .24
41 H- +- fl Cn L Th 2 .30
42 H - f1 Cn L Th 3 .32
Rain period 2. (2.7.68)

1 2 +- fl Cn L Th 8 9. 47

2 H - f1 Cn L Th 5 .55

3 H - f1 Cn L Th 5 10.00

4. " + £l Cn L Th 5 .05

5 )4 + fl Cn L Th 5 .10

6 H + £l Cn L Th 5 .15
7 H +- f1 Cn L Th 2 .58

8 H +- f1 Cn L Th 2 11.00

9 H +- f1 Cn L Th 2 .02
10 H +- f1 Cn L Th 2 .04
11 " 4= 1 Cn L Th 2 .07
12 H += f1 Cn L Th 2 .09
13 H +- fl Cn L Th 2 .11
14 H o f1 Cn L Th 2 .13
15 H - fl Cn L Th 5 .15
16 H + f1 Cn L Th 5 .20
17 o - f1 Cn L Th 25 .25
18 i - f1 Cn L Th 8 .52
Rain period 3. (2.7.68)

1 i - fl Cn L Th

2 H +- f1 Cn L Th

3 5§ + f1l Cn L Th







11. September 11th., 1968. 8.22 - 9.18 hrs. G.M.T.
This was light rainfall soon after a thunderstorm. After
ten minutes the rain ceased but recommeﬁced as light showery
rain half-an-hour later, gradually thinning to nothing. As in
the thunderstorms in July the wind was northerly or north-westerly,
unlike all the other periods in which the wind came from the south

or south-west.

(Soon after the above date the apparatus was moved to the Field

Centre at Lanehead, where the remainder of the readings were taken)

12. Septembef 20th., 1968. 15.10 - 17.16 hrs. G.M.T..

During the afterncon of Sept. 20th. light showery rain fell
from banks of cloud which appeared.to be cumulus or cumulo-nimbus
with & cloud base coming down to 600m above sea-level judging by
the amount to which the nearby mountain peaks were obscured.

Some breeze was apparent auring'the rain so that the apparatus
had to be tilted into the rain, but the breeze died away &s the

rain became very light and finally died.







Rain period 11. (11.9.68)

Potential Gradient
No. Magnitude Sign Variation Cloud Wind Rain Duration Time

(mins)

1 L + st Cu L Sh 2 8.22
2 L + st Cu L Sh 2 24
3 L + st Cu L Sh 1 .26
4 L + st Cu L Sh 2 27
5 L + st Cu L Sh 2 .29
6 L + st Cu L Sh 2 9.03%
7 L + st Cu L Sh 2 .05
8 L + st Cu L Sh 1 .07
9 L + st Cu L Sh 1 .08
10 L + st Cu L Sh 1 .09
11 L + st Cu: L Sh 2 .10
12 L + st Cu L Sh 1 .12
1% L + st Cu L Sh 1+ .13
14 L + st Cu L Sh 1% .14
15 L + st " Cu L Sh 2 .16
Rain period 12. (20.9.68)

1 H + f1 Cn L Sh 5 15.10
2 g + fl Cn L Sh i .15
3 H - f1 Cn L Sh .17
4 H - f1 Cn L Sh 2%- .20
5 H - fl Cn L Sh = .22
6 54 - fl Cn L Sh 4 .25
T L + fl Cn L Sh 4 .29
8 L + st Cn L Sh 2 .33
9 L + st Cu L Sh -5 .35
10 L + st Cu L Sh 5 .40
11 L + st Cu L Sh 5 .45
12 L + st Cu L Sh 5 .50
13 L + st Cu L Sh 5, .55
14 L + at Cu L Sh 5 16.00
15 L + st Cu L Sh 10 .05
16 L + st Cu L Sh 15 .15







13. September 20th., 1968. 19.15 - 20.12 hrs. G.H.T.
After a gap of nearly two hours on Sept. 20th. rain restarted
- in the early evening. It was similar to the lighter rain during
the later part of the earlier period of rain but the drops were
more spaced so that long exposures had to be used to record many

drops.

14. September 21st., 1968. 15.37 - 19.13 hrs. G.M.T.
The low: pressure continuing from the previous days brought
more rain from cumulus clouds. This again wass light, well-spaced
| rain in a south-westerly breeze, but with the potential gradient
noticeably more variable than before. Heavy drops were noticed
in .amongst the lighter drops but the totsl quantity of rain that
'fell was not great by comparison with other rainfall measured.
There was a gap of about one hour in the rainfall about forty
minutes after the commencement of readings, and three readings

|
were lost after that due to an error in electrical connection.
| 15.. September 22nd., 1968. 10.17 - 12.05 hrs. G.M.T.

The rainfall was lighter than on previous days, but less
well spaced. The potential gradient was less gctive although

the clouds again appeared to be cumulus rather than stratus.

The wind was perceptibly gentler than on previous days.
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16. September 22nd., 1968. 14.46 - 15.42 hrs. G.M.T.

This rain was later ih the same day as period 15 and was.
very similaf except for a brief sharp shower at 15.20 in the
third exposure. | |

17. September 23ré., 1968. . 12.39 - 13,16 hrs. G.M.T.

Rain fell steadily for periods of up to ten minutes from
cumulus clouds. The potential gradient varied considerably during
the period, suggesting that the clouds ﬁere of some considerable

vertical extent, although not as great as in thunderclouds.

18. September 27th., 1968. 9.21 hrs. G.M.T.
One successful exposure was made in the rain that fell in
a blustery wind from the south. The rain appeared to be falling
from stratus clouds @lthough a high.poteptial gradient was

being measured by the field-mill.

19. September 30th., 1968. 9.38 -~ 10.00 hrs. G.M.T.
This was a cold shower in blustery conditions, the rain
falling at a low angle from stratus clouds in a south-westerly

wind. These conditions were frequently observed at the Lanehead

Pield Centre, often without any rain falling.
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20. October 1lst., 1968.  10.28 - 11.24 hrs. G.M.T. L
This was another gusty day, when rain fell.from stratus

clouds in cold winds. The rain appeared to be hard and cold
on the skin, and was very unpleasant. The cloud enveloped the
nearby hill—fops appearing like mist on the uppér parts of the
mountains. Thg potential gradientiin these conditions was steady,
varying only slowly-from about -500 to -100Vm-1 during the
course of the rain. A gusty west wind was blowing for the whole
morning., Towards the end of the rain period the rain reduced

to a drizzle before finally ceasing.

21. October lst., 1968. 21.30 hrs. G.M.T.
One long exposure was made later in the‘same day as
period 20. The wind was less, and some larger drops were

apparént in conditions of very fine drigzzie.

22. October 4th., 1968. 9.48 -~ 10.10 hrs. G.M.T.
The two exposures were made on the only day of flat calm
on which rain fell sufficient for readings to be taken. The
rain was very fine drizzle falling out of stratus clouds with

very low‘éloud—base. The potential gradient was steady at the

fair-weather value of about +lOOVm-l.







Rain period 20. (1.10.68)

Paotential Gradient
No. Magnitude Sign. Variation Cloud Wind Rain Duration Time

(mins)

1% L - st Ns Bl W 2+ 10.53
14 L - st Ns Bl W 2 .56
15 L - st Ns Bl W 2 .58
16 L - st Ns Bl W 2 11.00
17 L - st Ns Bl W 2 02
18 L - st Ns Bl W 2 .04
19 L - st Ns Bl W 2 .06
20 L - st Ns Bl W 5 .08
21 L T - st Ns Bl W 7 AT
Rain. period 21. (1.10168)

1 ;0 += f1 St L Dr 15 21.30
Rain period 22. (4.10.68)

1 L + st St §Nil Dr 12 9.48
2 L + st St Nil Dr 10 10.00
Rain period 23. (10.10.68)

1 H - f1 Ns Bl W.Dr 5 20.02
2 H - st Ns Bl W.Dr 8 .07
3 L - st Ns Bl W.Dr 8 .16
4 L + f1 Ns Bl W.Dr 3 .27
5 H - f1 Ns Bl W.Dr 2 .30
6 H - f1 Ns Bl W.Dr 2 .32
7 H - f1 Ns Bl W.Dr 2 .34
38 H - fl1 Ns Bl W.Dr 2 +36
9 H - f1 Ns Bl W.Dr 2 .38
10 B + f1 Ns Bl W.Dr 2 .40
11 )2 + f1 Ns Bl W.Dr 1 .42
12 H - f1 Ns Bl W.Dr 1 .43







23. October 10th., 1968. 20.02 - 20.57 hrs. G.N.T.

Rain fell from stratus clouds in blustery winds. In
this set of readings the apparatus appeared to be triggered
by the wind as well as byfthe raindrops. However, only spots
of no echarge ‘and little mass could be registered by the wind.
Halfway through the rain period the wind dropped to a breeze
and more drops of rain began to fall. The sign of the
potential gradient reversed four times during the period of

the rain,

24. October 11th., 1968. -  12.56 - 13.20 hrs. G.M.T.
The conditions on October 1l1th. were quieter than on
October 10th., the wind being rather less and the rainfall
steadierm Again there was stratus cloud and the distant hills‘-
were shrouded in mist. The overall rainfell was not great by .

comparison with October 10th.




Rain period 23. (10.10.68)

Potential Gradient

No.. Magnitude Sign Variatior Cloud Wind

13 H - f1
14 L - f1
15 L - st
Rain period 24. (11.10.68)
1 L + fl
2 L += f1l
% L - fl
4 L - f1
5 L - st
6 L R st
T L - st

Ns
Ns
Ns

Ns
Ns:
Ns
Ns
Ns
Ns
Ns

Bl

Bl
Bl

[l el N N ol ol

Rain

WDr
W.Dr
W.Dr

e e

Duration Time

(mins)
2 20.44
4 .46
7 «50
4 12.56
3 13.00
4 .03
3 07
3 10
bs .13
4 .16




Appendix B
2.3

Valuess for v r~ derived from Best's tables.

The valuesr of 'r' and 'v' are derived from the tables
of Best (1950) relating terminal velocity of raindrops and

their diameter.

Radius Terminal velgcity r
»( ) v (mm o 3) (Osh
0.15 1154 4.49 x 10012
0.25 1972 3.08 x 1071
0.345 2714 3.05 x 10710
0.385 3013 5.18 x 10710
0.395 3086 5.87 x 107
0.50 3820 1.82 x 107
0.875 ~ 5915 2.34 x 1070
2.145 6969 7.29 x 1000
1.69 8275 3.51 x 107
2.0%5 8728 6.42 x 1071
2.21 8887 . - 8.52 x 100
2.465 9059 1.25.x 10_
2.71 9174 1.68 x 1077

' 2.975 | 9259 2.26 x 107
3.12 9294 2.62 x 107
3.185 9307 2.81 x 10,
3,335 9332 3.23 x 10,
3.625 9368 4,18 x 10




