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An account 15 given of tho measerement of tobdal
alpecarth current density under conditions of nimboestratus
precipitation, The appavatus used was that developed by Ademson
(1088) employiag an exposed eolloating surfsce with conpensation

for displacemsns ourreats, Simuitaneous measuremsnts of the potential
mﬁtmrthhommoruhrmrmmumtaMum{

made to correlats the ourrent denElty I with the vavlavion of P end
¥, with partiouler mﬁw the results of Ghalmors (X95S) whe

ostapiished the enpirical relationship I s h (7 = ¢) whgiilramd -

¢ ave positive constantp. ‘

In addition ths precipitation ourrent was measured
with a shicldéd yedeiver of the tyjs used by carlier weyksrs (Wes
Sorase 1008) umwmmmwwwumtmanm
W typos

™ mpasure the rate of minfall an entively
eAostriond mothod was devised and construotsd whioh eeudined
sinpiiotty $n duelen with officiency ¢f operation..

Gontinuous rocording was made over periods of seversl

howrs duretion and a statistical analysis of Jargs numbers of vesults

was carried out.
o vesults in rain of the 105288 Winter showsd good
m%&m‘ ‘foinula, and the gradient, a, was found to
inezesse in magnituds with inomeasing Fate of yainfells Reswits for
aRgw were L9u6 0unolusive bub Ghewsd faly agpednent whilet Ghusd for
sioet stomed eleototand effecti Sotemedlate Lituiun enow and Sutns .
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Aumumuomxmmwmmummua
the 1088 sumieys
The differences found between the curieiits neasured

by the shiolded ani exposed oollectors are dfscussed in tepms of
the results of Smith txm:mmanm:«mmma
confuotion ourront. |

| Particulay interest was found 4in the frequand
osowrrencs of the "mirror luage” effect often showing a definite
. timsedelay not fount by previous workors,

L



DRUPACE,

The rationanséd M,K.8, system of units is
used thfoughout the work, being mbet suitable for the
formulae of Atmospheric Elaotrio_ityo

To aggid confusion, ins‘taad of "field" the
term "potential gradlent” is used. This is positive when
the atmospheris potential inoreases with height and is
opposite in gign te tho eiaotroetaﬁﬂ,c tjzeld-.

Chapters axid paragfaphe are numbered and
references made in the usual way. It has been nescessgary to
include only a small number of equations in the text and whoye
eross reforences have becn made they are numbered according
to the paragraph in vhioch they appear, Usually it has been
more convenient to requote the equation. |

The. symbo} "uuA", denoted "amp,x 10%1%n
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ané D'Alibard (1752) firot cotablished tho oxistonce of

eleoctrontatic eharse in thundorclouds accounting for tho
slailarity of the ligzhtring discharso and oloctric sparis
produoced in tho laboratory, In tho same yoar Lemmoniocr (1752)
demonstrated that eleootrieal offects in the atmpsphére exist

not only in thunderstorms but also in fair weather conditions,
By using a stretched wire as an insulated ocolleotor which slowly
attained the potential of its surroundingzs, he demonstrated that
the air just above the earth's surface was ab a poai£1ve potential
with respact %o the earth, Further vork showed an inoroase

of potantial with heoight oegreayondina to a negatively charged
earth with a positive charge located somowhere abovo, It is
now well estgblished, notably from balloon measuremonts
{(Chalmers 1957, p.136) that the potontial gradient decroases
vith inoreasing height until at 18 km, it hos a value loss than
1% of that at ground lovel, the assoclatod pesitive space charge

distribution boingz givon by Poisson's cquation
—_p =gd*V =¢dF
P =% U
-1

vhere o 1is the volume density of oharge in Cem  'and V and F




the potential and potential gradient at height h respectively.

At a holight of some 50 tc 60 km. the aly may be
considered to be perfeoctly csonGuoting from the point of viow
of atmospherie oleotricity and above this lie the various
eondueting layers known in radio work as the ionesphero. This
torm may be oxtended to imolude the lower lovels (50-60 km.),
sometimes roferred to as the olectrosphore or ogualising layor;
tho study of atmosphoric olectricity is oconfined to that region
betwoen this layor and the ocarth vhioh are considered togothor
as eomprisinz a spherical condenser with the atmosphore itself
as the "dielectric”, The cleetrosphore is at an average
potential of ¢ 240 x 10% volts above oarth, and tho electroatatic
potential gradient set up between it and the earth's surface is
of fundamental importance in the physics of the lower atmosphere.
Sinco tho ocurvature of the earth is negligibb compared to the
distance between these two conducting sphores, the lines of foree
at the earth's surfaco may beo takon as vertical so that the bound
charge on the earth has a surface donsity given by

-0 = EF (C-ﬂh-);

1.2. The Alr-Earth Conduction Current.

Owing to the presence of ionising radiation in the
atmosphore, produced by (i) cogmio rays, (11) radiocactive matter
in the earth, and (1ii) radiocaoctive gaseo in the ailr emanating

fron the earth's orust, tho air is partly lonisod and has thorefore
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a low but finite oonduotivity; (average value for land stations
18 x 10~24ohms=1.n"1, Chalmers 1957 p+286). The ooncentration
and distribution of ions in the atmosphore have been the subject
of exteomsive study, a synopsis of which is found in Chalmer's

1957 volume, p.5S5.

The ions producod move under the influenee of

the eleetric field and ©50 aet as the carricrs of a vertical
current. Thus an lonle conduotion curront flows botwoon tho
electrosphore and earth tonding to noutralise tho ochargo on the
earth's surface. By oonvaqtion. a vertiéal curront is deseribed
as positive when 1% earries positive charge downvards and negative
chargo upwarﬂé; the air-earth conduction cﬁrrent has been found to
have an average value in fino weather of about 2 x 10~12a.m*2, As
Lingss (1887) first pointed out this would bring about a
noutralisation of tho carth's oharge imn a poriod as short as

10 minc. and equalise the potentials of earth and eleotrosphore.
How this potential diffeorence is in fact maintained at a more or
less constant value, has beon ome of the fundamental problems in
atnospheric olectricity.

143, Tho Malntenanco of the Earth's Nesative Charac,

It i5 now genoerally agreafl that the ocarth's surface

recoiven an excesn of nemativo eharge in stormy weather (Cetze
Schonland 1939,.and Vormell 1927 and 1930) which balaneces tho
positive charge brought doun in fino weathor, Thus, at any time,
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considering the oarth~electrosphere system as a whole, thers
e;iets a state of dynamic equilibrium in which a positive current
flows to the earth in fine weather ragions énd a nogative charge
is transferred to tho carth in thoso areas expericneing storms,
a popitive ocharse alse belng carried to the oleotrosphore in those
atormy-areaé. .Thé most important mechanisms by whioh negative
charge 18 brought to tho carth are (i) polnt-disehorge currents
fron natural and artificial points and (41) lightaing dlseharges.

| The world-vide thunderstorm activity has boon
estimted as baing of the order of 44,000 per day {Schonland 1953)
and this is at a maxmimun at about 1900 hours @.MM.Ts at which tine
a maximum alse occurs in the potential difforence betwoen carth
and eleotrosphere, This has been arrived at by observing'the_
diurnal variation in potontial gradient in reglons of the earth
where local effeots due to pollutien ote. are negligiblo.
(Whipple 1929; Whipple and Sorase 1936),

Tho essential part played by thunderstorms in
maintaining the eleotrical conditions of the atmosphere ralsed
the gquestion of the proocess or prooesses by whieh egarge
sépération takes place in the cumulo-~nimbus oloud. 1 The altie
electrograph balloon ohservations of Simpson, Seraco and |
Robinson (1937) and (194), woll supported by the many moabureuents
of potential gradient below thundorclouds indicate fairly
definitly that the thundercloud has a largo neganivé eharge in

-
|
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the base with a coyrroésponding positive charge at the top of tho
oclovd. . In addition a smaller positive charge is found to reside
vwhore the temporature is at or above the frooging point in the
base of most and possibly all cumulo«nimbun clouds,

Numorous thoories of charge separation have boen
put forward and the reader is refeorred to Chalmers (1957)
Chapter 12 for a summary of these, and also to Chalmors (1958).
Sinee thore are 11ttle or ne cloctrical effecets in nomn-ralining
oclouds 4t has scamed redsonable to eonnogt the eleetrical
phenomena with the procosses of prooipitation., Tho thoories nay
bo divided into (1) those in whioh existing lons of each siga are
preferentially attachod to hoavier or lighter particles which are
soparated by aequiring differont velocities due to gravity and
convecetion currents; (i1i) those in which charge is actually
gonerated by ice impact,. offects of glazinz, eto. and (11i) morxe
reoent thoories relying solely on convection currents (Vonmegut
10556). In addition, a recent theory of lMoore,Vennegut and
Emclie (1959) oclaims that it is tho olesotrification which is the
cauge and not the result of theo precipitation since tho latter
is known to carry out of the cloud very 1little of the charge
progent.
Cloud.
Tho slcetrionl aotivity asgoclated vith the nimboe-

1.8. Precipitation Ourront and $ho Wimbo-Strot

stratus cloud is considorably loas then that of the cumulo-nirbus

type, for instance typical values of precipitation current and
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potontial gradient measurad at the ground in nimbowgstratus
conditions arc 4 x 10°12A,.m"2 and ~180 V.m~1 respectively
(Chalmern 1986), whilet for the thundercloud both those valuos
could be of the order of 100 times greator. Althoggh'tha ninbo=-
stratus condition of steady ocontinuous rain ococur @uoh more
froquently ospescially in tomporate olimates, it has roeoived little
attention until rocently compared to the work dome in thundery
vweathor.

Thoe prinoiplo of the "quasiastatic state® (Chalmars
1057 pa«25) may be usefully applicd to"mimbowgtratus weather®
where conditions are roasonably steady. Th%s ip a useful conoopt
in Atmospherio Electricity and is applicable when the timé of
duration of any chansges in the eleotriocal conditions are long
ooﬁ@area to the reolaxzation time of the atmosphere. The important
results are that thé laws of oleotrostaties still apply (aeopite
the faet that currents are flowing im tho atmospherc-) and that
the total vertical current density does not vary vAth hoight. The
nimbo-stratus clouvd usually associated with the waxm front of a
depression is of very considerable horizontal oxtent and fairly
slow-moving. The steady continuous rainfall from such clouds may be
of peveral hours duration and the metaorologieal conditvions vary
noi theyr greatdymor rapldly.

If it can be anoumed then, that the conditions
provailing in thiswoathor approximate to the “steady™ or guasistatie
state then it follows that if the vortical current rocoived by an

isolated portion of the earth's surfaco can be moasured then the




curront inside the oloud io also known (Chalmers 1956).

Now the earth can receive charge in four known
ways, by (1) oonduction curront (ii) prsocipitation curront
(111) pointndiseharge (iv) lightning, but in nimbo-stratus
cénditlons the picture 1s simplified since (iv) is dbsent, vwhilat
(141) is not usually present and may bo oliminated 1if measuremonts
are oconfined to times when the potontial pgradient at the ground
remains falrly omalls A "safe®™ figure appears to be ¥ 500 V;m'l
particularly with regard to the results of liaund (1868) and
Milnexr (1968) vwhore no appreciable discharge could be detected
from trees even when the poteantial gradient rose to as much ag ten
times this value,

By making measurements at the gfound it has been
hoped to obtain results which may assist in showing where the
Tain obtalns its'eharga, what proocss of charge asnmaration cocurs

in the cloud, and vhether this can be "extrapolated® to the more

violent cumulo~nimhus cloud, Chalmers (1956 and 1959) comcludes that

a similar process of secparation occcurs in both the thunderéloud
and the nimbow-stratus snow cloud where the snow receives a |

negative charge with the positive eharge‘rlsing in the air; and
that a second process possibly connceted with melting ocoours in

steady rain giving tho usually obgserved positive precipitation

current and nogative potential gradiont at tho ground, This latior

effoct, whllst much smallor than the formor process inm the thundey-

cloud may account for the small positive concenmtration of churso
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in the baso of the thumdexeloud.

Chalmers (1966) moasured the total vortieal ourrent
donsity and tho potentisl gradient at the earth's surface duriﬁg
sontinuous rain and snow obtaining an invorse statistieally
lincar relationship between the two quantities and the research
desoribed in this volume may bo cemsidored as a continuntion

and extonoion of this worlk,




2.1, llothods and Rogults of Provious Workors.
{a) Barly Uork. Tho moasuremont of tho charge om procipltation
oan be mado simply by setting up am insulated collector flush

with oho oarth'!s surface and measuring the chargo roeeived with
somg form of clootromotor. This irmodiatoly involves the
problon of “displaconont ourrents®s IL a eollector of axon A
is expoged %e tho atmegphorie povcntial gradiont F thom 1% will
have a chargo induced upon it of opposito oign to'ﬁhn potontial

gradient and giveon by the equation
0'=£0F

whers o is the surface density of charge in C.m"S. If thore

is now a change in the value of F them thiso "bound ocharge® will
also change and tho measuring instrumont will rocord a displace=-

ment current gqgat to A.%gg -E AN ﬁ% anps

indistinguichable from theair-earth current boing moasured.

This diffioulty has rosulted im making all
ozporimonte to moasure precipitation current capable of boing
divided into two mnin classes: (i) thoso in which tho collector
is shiolded from tho ocawrth's £icld and (41) thooo vhore an
oxposcd colloctor is uwsod and tho Gisplacemont curront s in gomo
vay subbracted from the moagsured curront, or in come cases simply

nogleocted.
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Carc has usually boen taken to minimiso spurious
offects due to splashing at tho ground; Lonard (1892) found that
drops beoame positively charged on splasching, the corresponding
negative shargo boing piven to tho alrs

The' relative moritn and faults of the shiolded
colloctor are diseussed moroe fully in Chaptor 4, and the oxposod
colleotor is to be preforred but it is with the formor typo of
rooolvor that the great majority of the earlier moasuremonts were
nades

Elstor and Goitol (1588) vore the £irst to uwe this
mothed, measuring with an electyomotor the quantity of rain-charge
eollected oveor poriofs of bthecn 5 seconds and 2 minutes and
aaking obsorvations by eyes Gordien (1903) attempted to measure
not tho chargo but the actual ourrent demsity; conncoting his
golleetor to earth through a high rosistance of 1012 ohng whioh
shunted the elestromotors This mothod was opon to oriticiom due
to tho lack of roliablo inoculation at that times

Both those investigations found an excess of
negative charge on rain contrary-to almost all later results, bub
sonc ovideneco of an inverso rolationship betwsen precipitation
current and potontial gradient was indleated. Also, snow was found
%o be negatively charged.

Woiss (1908) appears to be the first to use a
complotely exposed rooeiver. He usod a wire brush as a collootor

in an attompt to eliminate any splashing effeots but this
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introduced the possibility of point discharse im hisgh potential
gradionts and 414 not represont a natural surface, Kohlyausch
(1909) used a similar mothod, but shieldod the brush fron tho
field; his results hovever tondod %o agroe with those of Vleiss,
both finding an oxcess of positive charge on rain.

Hahloy (1208) and Sohindelhauwer (19213) using
shielded colloetors and Benndorf oeleotromcters both found a
positive oxoess but found no oonncoction with the variations of
potential gradlent, Kahler noting a frequent variation in sign
of poteatial gradient without any corfescponding changzes in
pracipitatidn curronts Sohindelhauer obsorved a seasonal
variation, tho relative froequeonocy of positive rain being greator
in Winter.

Simpson (1909) made oxtonsive meoasuremonts at Simla,
India, of proeipitation current, recording eontimuously and
meaouring eharse roceivod in two minute intorvals, FTlo found a
definito positive oxoeos, this prodominance increasing as the
rate of ralnfall inercasged, but his results wore mainly in thundery
weathexs

Baldit (1911) took moasurcments ovory 19 seconds
notloing that lonsor intorvals would miocs rapid variations in charge '
and sign. In ocontrast Derndt (1912) measured the oharmo collooted
over 6 minute intorvals. Roth found a prodeninance of positive
charge in wrain,.

Bonndoyf (1910) found that the chargze/time and
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potontisl pradient/time graphs wore froquently inverse curves,
and was thus tho firat to obsorve the "mirror image offeot®
whioh will be further discussed in a later chapter.

Horath (1914) used an oxposed eolloctor in tho fora
of a large shoot of c¢loth (28 m?.an aroa), insulated and conneeted
directly through a sengitive galvanometey 4o carth; a photographie
mothod was used to record the ourrent density. Curronts of tho
order of 10°124.n"2 vore recorded and it was found that 4n
"landregen” or nimbes<stratus rain, the current vwas imvariably
positives However, Horath's colleoting surfaco was not "natural”
with regard to splashing and no compensation for dicplacement
current was made.

MeClelland and Nolan (1912), lMoClolland and
¢ilmour (1920), Mérwick'(leso), and Sorace (1938) measursd the
charge ocarriod on a definite quantity of rain using a "tilting
bucltet® device, finding that the greatest current tends to ocour
with the greatest rate of rainfall, .

Schonland (1928), (echiefly in thunderstorms) using
a capillary oclectroneter, and Chalmers and Little (1940 and 1947)
simulated natural ocnditiéns by using oxposed colleotors covered
uith turf and surrounded by similar guard rings. Wilscn (1916)
had svggested that the offects of splasking would in these
circumsténces approach thoso of natural conditions, Again, no

displacomnont current compensation vas made in either 6aso.

b) Recent Results for Rain. Simpson (1949) at Kew, using the
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same apparatus éé Sergase (1938) but with loas shiel@ing.
cbtainod dofinite eovidence of an invorse relationship between
precipitation current and potential gradient espeeially in

high potenticl gradient, The raim current was related to the
point discharge ourrent and the rate of rainfall by any of three

empirical formulae

«2+0 x 1074 g0°97

/1,
] -~ 1 ~0:.068 R .
i, g aier e ) ond

1. = =l (1)
I "200 ém-zo)
where j, and I} are rain curront in Aamra and point discharge

in amps respoctivoly and R is the rate of rainfall in m.m. por
| hour,
This has been explained in terms of the faflling
- raln ocapturing point discharge ioms (Chalmers 1951),
Simpson also found that his results in low potential
gradients eould be represented by the formula
¢ = =4.8 x 10°8 (F -400)
where ¢, 48 the charge 1n'c.m?5 and F 1s the poten?ial sradient,
This may be expressed in torms of 2 the actual

-2

rain current in A.m™° and R the rate of rainfall in m.m./hour

thugs

3' = = 1.33 x 10°34 (F -400) R
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Simpson also found the “mirror lmage™ effect, as did Stockill
and Chalmers (inl966), noting wave~likeo patterns in both
potential.graaient and rain current'traees. with periods of'tha
order of 16 to 20 seos. (vee Chapter 8 ).

At Durham, Chalmers (1956) used a complotely
oxposod eolleetor, and, employing comtinuous recording, moasured
the charge collocted every 4% mins. with a simple electronic
ciroults From gsimultancous potontial gradiont meacuroments the
mean displacement eurrent ovor each poriod could bo ealeulated
and thon subtracted from tho avorase curront rooeived dy the
collector 1n that period. All measurcments wore taken in nimboe
stratus cénﬁiﬁions. Abtatisﬁieal analysis of the reaults for
rain (recorded om 31 difforent days) yiclded a lincar rolation
between total aire-carth ocurrent density I (A.m?z) and potential
gradiont P (Vam‘l), vizs

1 = «148 x 10°1* (F -150)
A marked similarity is secen, between this oquation and that of
Simpson especially if the value 3\3 1 (a typical valus in
continuous rain) i1s substitutod in Simpson's equation. The nost '
obvious divergenos botwoen the tuo 48 the value of F when I 3 O,
Bimbeen sugzzestod that the 400 in kis oquation might rqpfeéent
the normal fair weathor potontial gradient at Kow so that
is proportional to the doviation from this valuo. Thio viow 4o
supported by Chalmers' work since the normal value of the fair
weather potontial gradient at Durham is of the order of 150 um?l,




or less,

It should bo notod here that any method employing
an exposed colleotor measures the total alresarth current, i.e.
both preoipitation and conduction currents, whilst the shieolded
collectors record only the former. However, Simpson's collecting
surface was only partly shieldé& and must be classéd as being
intermediate betwoen tho two types.

{c) Results for Smow. OChalmors (1956) also obtained a similar
linoar law ?or snow finding a similar gradieat for the I/F graph,
to that for rain, but a.very dirforant intoreept:

I 2 -0:92 x 10°14 (P ¢ 425),
using the same notation as before.

For a further disoussion of the results of Chalmors
(1956) reference may be made to Chalmers (1959), .

Simpoon (1949) with only a fow results, found the
ooourrence of positive potential gradient and nogative snow current
the most usual. This agrees with the earlier work of Elster and
Geitel (1888), Kahler (1908), Schindelhaucr (1913), MeGlolland
and Nolan (1913), and MoOlelland and Gilmour (1920) who all found
a negative excesg. However; Weiss (1906), Marwiok (1930),
Gscnvanﬂ (1927), Simpson (1909). and Chalmers and Pasquill (1958)
rcuna the snow-charge moro often pomitive than negative.- En these
sarlior experimonts no digtinction was drawn botween quietly
falling snow (more eomuon in nimbo-stratus oonditions) and nore

‘turbulent fall; Chalmors and Little (1947) found a negative charge
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on the formeyr and a positive charge on the latter on the avorago.
(d) Summary. In eanclusibn,.ﬁhe general inverse relation of
potential gradient, and rain current, in doubt throughout the
various exporiments and diverse techniques of the early workers,
now seems well ostablished for the conditions of the nimbo-stratus
cloud, by the roccent results of Simpson and Chalmers, ‘The added
complications of point discharge, which provides an additional
source of charme to tho rain, are execluded whon only low potential
gradionts occur thoroby simplifyinz any discussion consoerning

the origin of tho oharme onm precipitation. Furthor oxtensive work
on precipitation curront in steady rain was considered dosirable
partiounlarly if an oxposed collector in eonjunction with medern
equipment were used. Simultaneous rate of rainfall measuroments
were also required oopeoially with regard to single-drop observat-
ions where drops of difforont cizes have beon found %0 have chargaes
of different sign and magnitude e.z. Smith (1965) found the

largor drops to bo of the same eign as’the potontial gradient
whilot the omallor drops wore of opposite sign.

1 The use of a completely
exposced colleaoting surface for air-oarth current measurement
nooopoarily iavolvos some kind of compensation or allowancc for tho
,offoets of displacoment ourront., The icooiver used by the author's
predecassors at Durham eompriéea such an oxposed eollector in the
form of a hemisphorical copper bowl mounted on polystyrone

insultation and connected to an input resistor of the order of
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1010 ohnn. Tho ourront roseivod was deteoted by an electrometer
valve and a direot«coupled amplifior of high stability employing
nogative fee@baek and acting ac an impodance changer. This was
doveloped by Kay (1950) who aloco furnished the amplifior with |
speeially coagtruoted H.7. and hoator supplies,

Adanoon (1958) nodified the d-¢ amplifior, and his
particular conteibution vwas %0 provide an olegtronic moans of
compenoating for displacsmant ourrento. A full deseription of thio
appears in Adanson's thooiso and 4t 19 hore proposed merely to
swannrioo the apparatus and method usede

Dy this method, tho output from a potontial gradient
noasuring machino, after reotification and smoothing, 10
difforentiated by a capacitance-resistance circuit and the
rooultant voltago appliod to éne grid of a doublo tetrode
‘gleetromotor valve having a common cathode (Ferranti DEM 4A),
whilot tho othor grid roceives the signal from the aire-carth
current collector. The differonce between tho voltages appearing
at the two anodes 1s shown to be proportional to tho difforonce
betwoen the grid voltager. The signals st the anodes are then
'subtragtod’ by loading them rospectively to tho two grids of a

double fricde (68C7) omo anode o whieh is connoeted directly to |

tho H,% line. Thus a signal proportional to the rate of chanso !
of potontial gradient, 1.e6. to the displacoment curront, is E
effectively subitractol fron the alr-sarth current signal. Tho f
output from tho doublo triode, after a furthor stage of amplificat- '
ion 1o applicd to a cathode followor and moasured with a galvanometer
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vhilst 100% negative feedbaek is applied from the final output
stagé to %he“earthy“ end of the air=-earth current input resistor,

The reader is again reforred to Adamson's thosils
for a detalled dlsoussion of the difficulties endounterad in
effoeting oompensation and in particular in balancing the time
constants of tho two sidés of the oirocuit (compeonmsating and aire
earth ourrent cides) for the effects of transients, A |
theoretical treatment of the eirovit performance, using tho mothod
of the laplace Trangformation, is siven,

In practice oaﬁisfaotory compensation could be
achioved for stoady changes in potential‘gradient but not for
sudden.changes (sco chapter 5).

(b) The Field Mill., Adaemson Gesigned and used a fiecld mill in
order to provide the output proportional to tho potential gradient
necessary for the compongabion deseribed above, The'mill differs
from thé convontional type, in general use im Atmosphorie - :
Eleotricity, in that the nogativo feodback is applied not to the
emplifier stage omly but over the whole system of mill, amplifior |
and rectifier, with a resultant improvement im both stability and
linoaxity. | | P
The collecting plate of the mill is a ful) eircular
diso over which rotates tho venal oarthod seetorod vane im the forn
of %heimaltese‘Cross. A third fixed vane is fitted abovo theo

rotor and to this ﬁhird piaﬁe 19 app;iea the reotifiod output of
the omplifior. This gots up a potontial gradient betwennéhe
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fixed vane and th;\oolleoting plate of the same sign and very
nearly the same magnitude as the natural potential gradient being
noasured, producing a bound charge which is modulated by the
rotor in the usual way, Hovever, this field and the natural
poteantial gradient are modulated, one out of phasa with the

othor, so that the output from the collactor yields the diffeﬁenoe
between tho two, Thus it can be scon that a negative feedbacl
process ig oporating.

Reotification 1s offected by using a commutater on
tho oame shaft ao the rotating vane vhilst an amplifior of
convontional design is omployed.

{c) 'The Sites Both the current collector and field mill aro
housod in a pit so that thelr expesed surfaces are at ground
level, and are situated 43 m. avay from tho laboratory buillding
in a plot of land whioh unfortunately is not ideally sulted to the
purposes Provious vorkers héye noted fhut the olte is flanlted

on three sides by tho laboratory bullding, a line of trees, and a
small wood respectively, but also that the fourth side is open
and that it is from this quarter that the prevailing winde blow,
viz: from tHe West. The unsuitability of the site is now furthor
emphasised however by a large building novw boing erocted to the
Westl

The rainfall recorder (sce chaptor 3) which was
added to the present equipment was placed in a aimilar position
with respeet to the laboratory im order to record a similar raine
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fall to that roeeivod by the eurront collostor, without naling
any elains to identity with the rainfall ovor lovel, open, ground.

Adamson had time to tako only a fow results with
his apparatus in disturbed weather conditions but those sorved to
illustrate the effioicnoy of the equipmont and in partisular,
of the displacomont ourrent compcusation.

In the present work it was proposed %0 use vhe
“Adameon apparatus” to moasuro the total vertiecal alr-carth eurrent
denslty togother with the potomtial gradiont at the sarith's
surfaee in nimboestratus conditions. Continmuous recording of the
aotual ourrent over periods of several hours could be made in
oontrast to.earlier motheds in which the tetal charge renelived by
a collootor in a given time was measured and where im mamy cases,
noasurement took plaes omly at selected timeg.

By takipg largo aumbors of rosults 1% was hoped to
arrivo at a statisticeal relationship betwoen curront density and
potential gradient and thoredby obtain a conparison with tho
results of Chalmors (1958). All types of proecipitation £rom nimbow
ptratus clouwds wore to be considered in order to investimate tﬁe
difforences and similaritios botwesn rain and snow conditiono
obtained by othor workors, The raunse of poﬁbnﬁial gradiont values
in which noasurenents vore to bo taken was choson SO as to
eliminate the poasibility'of point discharge from noardy objooto
ooourriné and thoreby opmplicaeing the alectfioal gonditions
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prevailing; showory weathoy, whore tho “steady state®
assumpbions ( see 1-S ) arc nos% applicable was also oxoluded.

The design and construction of a rainfall recorder
wa;‘gnaerﬁagpn to investigate how the ourrent density/potential
gradient relotionship deponded on tho rate of precipitation.

Alse, sineo the"Adamoon apparatug® vas béing uded
a0 an improveront on oarlior forms of cufrent moasurers employing
ao it did an oxzpoood collector and the mothod of compensation
deseribod abovo, it was conoidovaed that intorosting comparisons
could bo made 4f o “shiclded collootor® was also used to rocord
curront donsities sinultaneously. TFor this purpose, a éhialﬂed
collector of tho type used by Scrase (1938) was construoted and
is doseribed in a later chaptor.

In addition it was antieipated that useful
information could be gained oomcerning the offects of splashing
at the ground by oxamining the results in conjunction with the
space ohargeo neasurements of Smiddy (1958) talken at the sameo time

and in the some placos




In order to measure the rate of rainfall, a
nunber of alternative methods wore considered.

The instrument, produced and marketed by the
Road Research Assoociation relies entirely on mechaniocal principles.
Rain from a colleoting funnel is led into a vessel with a
capillary tube outlet, the rate of outflow being proportional to
the head of water in the vesae;. This is measured by conneoting
a float through a system of levers to a pen recorder., The whole
unit 1s precision engineered, and measures the rate of rainfall
directly, but was considered@ too expensive for the present research.

Both Simpson (1949) and Sor¢gase (1938) used a
"tilting buoket” devioce in which the times were recorded each
time the "bucket" emptied itself, 1.e. cach timo a fixed volume
of rain had fallen into the collecting funnel. The average rates
over these times were determined from the record. The instrument
proved ineffiolent in periods of very heavy railn, and@ had the
disadvantage of having moving parts. Also, with this methcd, a
sharp incfease in rainfall for a short period of time would not be
detectable.

3s2"The Rainfall Condenser."

It was finally decided to employ an eleotrical method
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making use of the high dlelogtric constant of water (Kaye and

Laby (1958) give this as 80) by leading the rain from a collecting
funnel, betwsen the plates of a parallel plate or oylindrical
condenser and measuring the change in ocapacitance so produced,

If the system were fitted with a capillary tube outlet, then in
theory, the capacitance of the condenser would be proportional to
the head of water and hence to the rate of rainfall. However, this
arrangement would be very sensitive to varlation of vipeosity
vith temperature and contamim tien; to the risk of partial or
total blockage of the tube by dirt brought down by the rain, and
possibly also to surface tension offects: It was eonsidered
simpler therefore merely to measure and record the capacitance as
the oondenser filled up and to determine the rate from the record
obtained as desoribved in 6,10,

Since rainwater 18 not a good insulator it was of
course necessary to insulate the plates of the oondemser from its
contents and an attempt was made to oonstruot the first condenser
in the following manner,

Two parallel aluminium plates, 10 om. square and
coated with a sultable substance vwere fixed 045 om. apart in a
perspex framework, cemented and made watertight with "Araldite®
adhesive resin. Considerable difficulty was experienced in
finding an efficlent way of thinly coating the plates amnd, by
trial and error, all the fdlowing substances were found to fail

in providing a flawless insulating coat: (1) Perspex, appllied by
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painting with a soluiien 6r‘perapex in ohloroform. (11)
Gelluloid applied in a solution i{n acetone. (111) "Araldite",

o The idea of coating the plates was now gbandbned
1n favour of oonstruoﬁing a dielectris ocontainer of dimsnsiens
10 x 10 x 0,6 o.m. which ooula be inserted between the platee.
For maximum sensitivity, it is required that the container walls
are made as thin as possible, If the thickness of the walls is
92 and the internal width of the container is A- then the
capacitance of the condenser when empty is

Co = £.6a R (a + L€a) et 3% (a)

and when full of water 1s
C. f.fael,ﬂ/(as;, +/(re.t) - 32 W)
wheoyve £, and £¢ are the dieleotrioc constants of the material of
the ocontainer, and of-watér fespadbively, and A is the area of
the plates.
Henoe C"“_"/c° = fo(a+te.) /(aeb + a(rs.;) ----- ()

Since €& =90 and £« = 2,8 (for perspex), then for this ratio
to be largs A4 >>a

In practice, the walls and base of the eontainar
were made from a single sheet of cellulose acetate, thickness
0.15 mm. ceménted to rigld sides of perspex with "Araldite"
(P4g. Ia)s The cellulose acetate sheet satisfied the thioknesa
oonditlon but laocks great rigidicy.

To make the apparatus automatie, it wﬁs necessary
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t0 have an arranganent by which the condenser would empty itsolf
as soon as it had filled up. An oxtension to the dielectric
ocontainer was constructed énd into thic was insorted a rubver
syphonning tube. Fig. la shows a lator, improved form of this,
'in whioh the rubber tube is replaced by a "built in" syphoaning
tube made of perspex., With the first device, it was found
necessary to have a constriction in the bond at the top of the
rubbor tube before officient syphonning would take placo. The
container was emptied by the syphon in a vory short time, of the
order of a fow seconds, whilst 1% took several minutes for it to
£111 even in vory heavy rainfall (see Fig. G where the rate of
rainfall is as high as 0.2 mm/min. towards the end of tho rocord,)

A very simple ciroult was used tc measure the
ocapacitance of the condenser (Fig. 3 ). A mains transformer glving
23 volts passed an alternating current, which after flowing
throush the condenser, was rectified by a Germaniuvm dlode
(G443 Brinor), and measured. The battery B, passed a current
through the galvanometer in the opposite diieotion, eancolling
out the ocomparatively large zero deflection due to the 9 netres
of co-axialeable used to connect the coandensor to the indoor
apparatus. This zero output could have boen avoided by having the
connooting cable in the D.C. side of the eircuit but this would
havo ipnvolved having the roetifier outside, thoreby inoreasinps
the poésibility of 1natab11%ty due to tomperature variations,

JeDe ngaé nfte

Theo ocondenser was housed in an earthed metal box
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under a funnel of "tin®" sheet made in the form of a oone of
semi~angle 30° and having a colleecting arsa of 0.07 mZ.

(Fige 1.b.)s A small oelluloid funnel led the rain from the
metal funnel to the oontainoy theyeby preventing its contents
being connected to earth as the water fioweﬂ in from the
collecting funnel. A polythene sheat kept the inside of the box
dry. This was stuck on to the rim of the funnel, as shown, with
rubber solntien_whioh serves as a falrly efficient adhesive for
the metal~ polythene joint providing no great strain is involved.
It was found necessary to keep the condenser warm t0 prevent
moisture condensing and providing a low resistance path botween -
the aluninium platess A 12 ve 2¢ watt galvanomoter lamp bulb
served this purpose and was run at roduced voltage to sive long
service. The bulb was urapped in.metal foll so that it emitted
heat but no light as tho latter attracted larzge numbers of flying
inseets, and consequently spiders, adding oonsiderably to the
insulation and syphonning problems.

385 Porformance,

The first "rate of rainfall recordeor” was found to
having the following disadvantages:
l. The capacitance of the condenser did not vary linearly with
the volume of water oenteineé, the instrunent proving to
be most sensitive when about half full, and loast consitive
wHen néarly omptys This departurc from the theory of an

_ideal parallel plate condensey oould have beon caused by
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(a) end effects aépeclally a% the bottom of plates,

and (b) lack of rigldity im the sides of the. dleleotric
containey resulting in aiyr spaces ef unknown size betwsen
the container and conéengeyr plates.

2. The stability of the system was unsatisfactory. This was
attributed to the faet that the germanium dlode was
operating at a very low eurront (of tho order of 0.1 «A )

3, Vhen the condensoy “syphonned out® thé zero output 4id not
roburn 0 1ts original value. This offect was mush in
exoens of what would be expected from a vardation in the
"dead volume” left in the ¢ontainor on syphonaing, or fronm
drops remaining on the sides of the container, No
satisfactory reason for this zero drift was found,

4, The automatic syphon deviceo was often ineffieient., The
oongtriotion in the tube mentioned above proved to bo
highly critical and could only be adjusted by trial and
OrTO P

The first of these four disadvantages did not
prove serious as the apparatus could beo calibrated at theo
beginning of each record or of cach day's recording, by
introducing water from a burette, ton or five cc.sat a time, and
assuminz 1lincarity over oach inorement in voluns. The othaer
diffioulties howover were more troublosomo. AlGhough some
ugeful results were obtaknedl using this apparatus im the Winter
of ~1067#58 it vns eventually decided to rodesign both the

condenser and the measuring apparatus,
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A second ocondenser and dielectric container were
congtruoted as- descerided in paragraph 3-4 but with an
important modification to the syphon device, the first part of
the tube being drilled out of perapex (£ig. la ) and the remaindor
being made of polythene tubing. Any irregularity in the
ayphonning ecould thus be visually observed and then ocorrected.

It was seon that on some ocoasions, whon the containey
filled up, the water merely ovorflowed, but 414 not initiate tho
syphonning action, due to the shape of the meniseus as shoun in
fige 3 (a)s If the angle of contaot of the waterpsrspex interface
had been greater than 90° this problem would net have arisen,

For the syphon to work efficlontly it was thorefore necdessary to
coat the inside of the bent part of the tube with a wax or grease
80 that the required ocondition should be satiafied, i1.e. that
the column of water rising up to the top of the tube should have
a oconvex meniscus, as in fig. 3 (b). The bond in the tube was
firat varmed in hot watey (about 50°0), the inside being kopt
dry, and then molten "Vasoline® was introduced and almost
immodlatoly poured out again, thus giving the inside a thin coating.
This treatment proved to be highly satisfactory and only rarely
| did the doviee fail to syphon in tho correot manner afterwards.
328, The cirouit,

The capaoitance was nmeasured by passing a ourrent

from a 30 volt mains transformer through the econdensor in sories
with a 1 M vesister to one grid of a double triode (BSN7)
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(fig. 4 ), This grid is bdlavsed to outeoff in ordor to effoot
reotification whilst the second grid is earthed. The galvanometer
moasures the differonce in potential between the cathodes this
ig zero in the absence of a sianal, the anode ocurrent being shared
betweon the two halves of the valve. Use of the doublo triede
eliminates the need fopfireat stability in the H.T.supplios. A
standard exe-Admiralty power pack wae used to provide hocator and
H,Tsv0ltages, and ito outer caging sorved also to house the rest
- of the ciroult with the oxceptien of the sondenser itself and of
pourse the galvanomoteyr, The unit was ocaslly made weather«proof
and was kept undorneath the box containing the funnel and
econdenser. Thée lead to the 1aﬁéér was thus reduced to only a
foot in length thoreby eliminating the big zoro sutput produced
by using long lengths of co-axial 6abdblo.
o8s TImpyoved Porfonmange..

The oirouit was tosted by replacing the "raiafall
condenser by a. standard cohdenser the capacitanco of whioh'ceuld

be varied from 0 to 380 u.F, Plg. 5 ohows the galvanometer
&flaotibn’ plotted againet the éapacitance and 1% can b seen that
- akthough thefariation is not linear, the departure fyom lincarity
18 not great especially in the Fange 100 to 850 . F.
' eonstderation of the equivalent oirouit of the
double trlode showed thot the current throush the galvanometor
and shunt is given by '

I, = "'( 15 Yy ) , mA.

32+, + 350
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where T. is the a.o0. resistance of the valve measured in
leilo‘hms, ,«. is the ampnﬂoation faotor.‘ and Vg is tho applied
voltage at the firot grid. |

Thug I, should be linear Worots variauon of the
standard capaeitanoe assuming M to be eonatant, but this
assumption is not valid due to the oena_it:lona of operation of the
valve. - |

No attempt vwas made to improve the ltnearu}y. of
t.he‘ circuit hov:ewrer-_. sinee thevo ex_!:'-se_d & mosh greatey none
linearity inherent in the "rainfall condensor”, It wae found ‘that
the latter eould be Mpi-oved by inserting a plece of éarapeit of
thiclneass approximately eé-ml to the internal width of the
dialectrioc container, and shaped as shown in fig, l1a To some
extent this oounteraoted t-he "end effecta™ of the condenser but also
raauoed the useful volume betwean the p...atea. _

The apparatua was ealibrated each day recording
toolk place, and a typloal oaubrabion is entersd on the 4iagram
(fig. 5 ) in whioh the daﬂectien for the condenser plates orly
18 alsy Shmmc From the graph, the capaoitance of the plates
alone, whioh now measure 10 x 12 om, is 26..F in close agroament
with the caloulated value of 22 «uf . Bquation 32()shows that.
the capacitance when full should be 28C, i.6. 620uuF « 1If
ai,lewanaa_ is mads for the reduction to about 4.6 c9s. of the
useful volume of the contaimer them it can be shown that
falls to 419/,/.(-' again in accordance with the praetical result.
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A colleotad volume of 7s) o008y 19 egulvalent
to a rainfall of 0;1 mm, s0 that evan with the very high rate:

of 0,1 mm, poy min,, seldem encountered in nimboestratus

conditions, the condensor took a fow minutes to fill. The

lowsst rate of rainfall whioh the instrument could measurs was
04003 mm, per minuta, The performance was now quite satisfaotory,
ag 1llustrated in figs. b6, 7+3, taken from aectual records.




32.

R

Moot of the earlier measurements of precipitation
ourront (Chapter 8) have been made using shielded collectors
in which the effecto of the potential gradient on the collecting
surface are eldminated or greatly redused by surrounding 1t with
an earthed éomduoting shield. (figs 9 ). |
| The great disadvantage of this type of receiver is
tho possibility of missing some of the rain especially in windy
woathers Scrase (1938) found that his apparatus received only
half the amount caught by a standard rain gauze. This is
partioularly serious if charge of different sign resides on rain-
drops of different size singe the smaller arops will be affected
most by the wind, | '

Simpson (1949) greatly reduced the height of the
oylindrical shisld so that his collector received as much rain
a8 a standard gauge, but consequently no longer eliminated
displacemant currents, Ho found that onc posmibie sourcs of error
was nonpwexintant, viz., that érups could oarry an appreé&ayle«charse |
to tho colleoting surface after splashing on the rim of the shield
which would possess an induoced oharge,
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- It was proposed to construot a shielded collaotor
sinilar to that of Sorase in ovder to oompare the results ebtalned
by this metﬁmd, with those given by the axposed eolilestor. Any
significant aifferencs 1n the two sets of results eculd then lead
to interesting and possibly important sonolusions. .
yfle Bealon ond Gonstruodbion. 7The desigm of the shielded receiver
fa shown in fig, 9 .« The oylindvical shield is 80 om high end
80 om in 4lameter whilst the opening of the inner comiocal shield
is £6 oms in dlameter giving am effeetive oollecting ares of
0,049 oS, Tt was found that the potemtial gvadient under the
oonical shield was approximately 8% ef that over level ground.

Any spurieus effeets due to ua‘plafmemmﬁ ourrents were therofore
highly unlikely to arisc in nimbo-stratus conditions wheye the
potential gradient is falrly small and rarely undergoes violemt
changes.

| Inoreasing the overall size Of the apparatus

compared to that Of Scyage and Simpson redudss any effect of
eplashing on the rim vhich may exist (o.8. lenard offact,
indaponi ents of the pqtenbial. gradient) since doudbling of the eize.
woulkd doubxa the mﬂmur but would quadruple the collegting area.
| The mnoomr $toelf was made in the form of a funnel

| with a rin dlamter of 38 om. and fitted with a false bottom
oonﬂsaimtns turg 4n order that 4% should have a eimilar surfeoe to
that of the oxposed collestor, The Funnel was supparted on two
864 of polystyrene insulators and mownted on the top Of & tim dox

T P Ot VoS .
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a8 chown in the dlagvams 'Ib was found nécessary to kesp the
insulaters waym and this was achieved by having two €0 watt lamps
in aluminium cans fitted inside the bex, The cans sexved a
double purpose; they provided eleotrical shielding and greatdy
reduced the emitted 1ight but not the heat (see 3.8) Since the
lamps were pormanontly &uitohed on, fyrequent veplacement wae
requireds To ovorcome this neoessity, they were later conneeted
up in imriaa, instead of in parallel, and have burnsd continuously
ab reduoed voltage, for ovey 15 monthe,
; ~ Fhe insulation of the funnel was tested by tho
mothod of leakage and found %o be better than 1034 n .
The reason for the aslleoctor being Punnel shapsd
was that it had been driginaliy intended to measurs the guantity
of rain colleoted by leading it into a rainfall reeorder. Howsveyr,
1% was found that drops leaving the funnel ecarrxied away a quantity
of oharge thereby reduning the meéasured ourrent. %his would
appeat to be a sepious defsct of the appavatus of Slmpson and
| Sorase whers the wain fiom the collecting funnel foli inbo Lthe
"tilum-»bunket" Aevioay |
a - 'The whoae syatem of current collector and rainfali
ms@mer' eonld of eourse be sonneotod togother 4hd imsulathsd from o
earth but this would pravént the use of & ratnfall recorder.
'emp.&ay&ng -an a:mtr!cal mothod of measuremsnt sush. as that
' @ésoribied in Chapter B, and would also preclude using turf es &
colloating surfase. It:.wae finally decidsd not to attempt ths



The current received by the shielded collestor was
measured continucusly using an "Boke™ Vidrating Reed Eleotrometer,
in oontrast to most earlier methods where the total charge
eollooted ovér short periods of time was measured. The V.R.X,
is essentially A device for measuring amall unidirectional ocurrents
in the renge 10*4 to 10°8 amp.

The ourrent 10 be moasurod passes through slected
input resistopr (a cholice of 1@8. 1040 or 1612 ohms,) end the
voltage developed is applied to the vidbrating recd or dymamic
capacitor. This converts the D.C. sizgnal into an A.Cs voltage,
the nagnitude of whioh is proportional te the original current
being measured, whilst the phase depends or the sign of the latter,
The resultant A0, 15 subsequently amplified and then undergoes
phase«sensitive reetification in which use ig made of a referende
signal from.taa:taad rogulating supply. The final output is
dieplayed on a moter, unfortunately mot a centyeszerc inctrument,
and thefs is also an arrangemeant for comnécting a recorder; in the
present work a mi&%errgalvanematar wag uaggg Appzuﬁa&aga shunts
may be selected by means of the range switiéh on the instrument so
that full soale defleviion on the moter corresponds to 36, 100,
300 or 1000 nVe ecrose the input resiator,

The ViRsEs Wag not aasisnaﬁ'qu measuring nesative
inputs but 1t can bo used for ourrents of both aign with only very
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#ieht modifieation (Haborfield 198%), The meter 18 no longer
in oirouit (but stili"in situ”) and is replaced dy a 100 chm resistop
Als0, there is a diode inolude in the oirocuit whioh prevented
damage to the meter under eenditions of high negative imputs amd
resulted in the output belng nonelinear for negative inputs as the
moter (with comncoting reversed) approached full seale defleotion,
This di.fﬁoﬁlty was overcome by biaasing the diode, the cathode
of which is now conncsted to earth through .a 2.8 & resistoy
instead of being earthed diveotiys xﬁ:’s‘aéqﬂn%i#, howovor, 1% was
found that the top half of tho scale was seldom usid partioculariy
- when the precipitation curvent was 'nég‘af'ziv’e-, ‘a oonddtion raraly
encountered in steady rain although quite fréguent {n snot,

The VaReE. eomprises two pavts, the "head unit®
and tho"indloator unit" connscted for the present purposo dy 9 ms
of cable fitted with "Plessey" plug comneetions. The indicator
unit, containing the main anplificr; phase-gensitive reotifier,
ranse control and me'bar. and all HeTy dnd heater supply dmuua.
15 housad indﬁwa in the recording room. '
The hoad unit, whioh includes the vidrating veed,
~ the 4hput rephstors. and the firet stage of amplification, is bolted
aireatly on to bho éhle}d surrounding the coli¢eting’ funnel theveby
making the conmafi&éii‘ to tho }.;jé’ﬁtﬁ!?- a8 short as poosible {Pig. 9 ).
Initially the head whit had been donneotbd to the collegtor by
8 £t of ¢oraxial oadble but 4t was found later that lavge
fluotuations in output were produced dus to slight movement. of the
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cable. This fault had preved very elusive for sdme time before
the oause was disoovereds |

Further notes on the operatien and ealibration of
the VyR,B. are contained im Chapter 5.

_ The purpose of using the shielded colleotor in
conjunotion with the exposed collector can be seen from the
following oonsideration of the possible resulisi= |
(a) Rffopet o ondugtion current. Since the Sxpnaed oollectoy

- mogsures the total alr«sarth oimm_nﬁ. 1.0+ bdoth precipitation

land conduotion curyents whilst the shielded colledtor receives
only the former, it would de expected that

Is »I 12 the potential gradient F and henoe
“B.l-'te | conduction current »c are negaﬁv& ,
ond Ts<I 4f F and < are positive.
Where [ 4g the current in ,,.n.m‘r'“ neasured by the expogsed
aallector and L 1o that measured by tho shiedded collector.
If other faptors can be neglected then |
I-I, = 4 = \F

whare ) 10 $ho conduotivity of the air at tho eerth’s surface
and F 4o tho potential aradient measured at the c;munda This
would €hen give a: dndiveot mothod of dotermining M. |
Ii#feas of Aplashing, If there 10 a "Lonard splaching effeqt”
by which tho rain and henoo the ocollector recsives positive
gmarsa axi splashing whilet the corvesponiing negative oharse is
given %0 the aly there wowld appoar to be two possidle results,

(v)
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dircatly o#jbane An effeott

(1) Owing to atmospherio turbulonce the emall iens
generated by splashing will be awopt. away from the
e-xposed eolleotoy but not from the ohielfed receiver
80 that a fraction of this negative charge will
diffuse baok to the latters Hence I >I, for an

~ values of F and the magnitude of this offast will

inorense as the rate of ruu:m inoreasess

(11)0nly about one sixth ot' the negative omall ionsg
generated at the anteldoa suprface will retupn to tne
oo;.lactor vy Q,ﬂ.rfusion alone {neglecting lossos by
recombination o%0s) the remainder going to the shield
or escaping upwards, 'b'ut" gbove the oxpoced collostor
possibly a larger fraction will he driven down by the
amdient pot‘énual gmdien&. uaﬁany'.negati;va in steady
rain;
Thus I, >I 4f F 48 negative,
and eimilarly T, <J 4f F 1o positive:
The effest will inorease as ] increases and, as
before; as the rate of rainfall increases, L

The splashing effect investigated by Adkins (1956) in

which the charse reseived by the rain le of the same sign -

a8 th¢ potential gradient and depends on the lattor, w_ouia

affeot only the exposed ecolleotors However, this would not

be expected to arigp under the conditions of low potential

gradient existing 45 nimbomstratus weathor.




'Bh.‘.s has already been discusged at
the begi.nning ot the chapter and results in the collestor
misaing a higher fraotion of the smalder rather than the
- 1an§gar drops in windy weather. - According to Smith (1958)
the 'amauer drops have oharge of appositeée sign to the
potential gradient whilst the larger onos havo the same
eign. Hutchineon and ohaxma_x"s (1981) however found a
proponderance of drops of all eizes with charge opposite
in ofgn to tho potential gradienty The latter would give
-péaaibly no differenco in I and I, but if tho results of
Smith are concidorsd it would be expocted thats
Is > for positye F .
and8 I, <1 | fop negative F .
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It has already bosn mentionsd (Chapter 2) that
Adamson showéd that his method for compensating for the erreeﬁs
of displaocement currents on tho aireearth current eolleotor was
effective for slow, dut not for sudden, changes in the potential
gradient, In praotice, an optimum setting of the variable
capacitance, used to differentiate the mill output, was required,
By oareful adjustment of this eapacitanese, satisfactory
compensation for steady changes in potential gradient could he
odbtained and alse the time feof recovery from the effeots of
transionts could be minimised, This proved entively satisfactory
for the potential gradient changes emoountered in nimbo-stratus
eonditions, whilst small sudden fluctuations produced recognisadle
fluotuations in the airwcarth ourrent trace whiech could be
- "smoothed out" uhen the yecord was snalysed.

The maehed used to eoffect componsation was that
devised by Adameon whéredby a sawtooth voltage was applied to a
layge aluminium plate 8 £t, x 4 ft. placed over both collector and
mill, and mounted on insulators. The applied voltage is "tapped®
from a wivreewound potentiometer comnected to a H.T.battery, tho
*wiper" of tho former being driven round by a synohronous motor.
During tho linear rise of-applied'poteatial gradiont a steady
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aiéplaoéﬁéﬁﬁ éurrent is produced and by varying the difforentiating
condenser mentionad above, the 4.0, amplifier output is adjusted to
Zero. campanaétion cannot howevor be achieved for the suddent
change in potential sradient oceurring at the end of each eysle.
The péricd of the sawtooth was 285 secs. and the height of the
plate above the oolleotor and mill was 46 om.
6.8 Calibfation for txﬂkuowgpn Curre
This method can also be used to £ind the effective ﬁ
area of the oelleetof with respect to cenduatiion ourrent meaauremsnt.f
8inoe this area, Ag, is the same for beoth displooement and
conduotion ourrents, then it may be found if ﬁhe sawtooth voltage -

is applisd to the plate and the displacement ourrent measured
without compensation, 1.e. with the mill output ‘diseconneoteds The
diaplaogmant ourrent from the colleotor ia 8 ¢, %% Ag. amps,
whore F 15 the applied potential gradient. From the output of the
4.0, amplifier énﬁ i1ts known sensitivity this ourrent can de
measured and hence Ag determined.

 Adamson found that the effective area of tho collector |
(a hemispherical bowl) for conduotion eurrent vas one half the areaz
of its aperture, However at thebeginning of the present work, a
false bottom supporting turf to stimulate matural oonditions, was
fitted in the bowl and it was found that the effective area was
noﬁ. to a olose approximation, the same as that of the aperture
itselr?,

It was not found necessary to carry out the S
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sompensation prooceduré vory often, but the setting of the
differentiating condensey was chsoked periodioeally.

The ds0s amplifior was ocalibrated by &isconneocting
the collector from the olaoctromotor stage anf applying known
voltages aorous the input resistor, This was done by using a
8 ve 0811 vith a potential divider comprising two deeade
resiotance boxes in the form of a Rayloish potentiomoter,
pre~oalibrated against a standard eell, The simpiieSty of
operation was greatly increased by adjusting the total resistance
of the potentiometer so that one ohm oorresponded to laV fall of
potential and hence the applied va&ﬁaé;'eould bo read off
direotlys

| Two galvanomotors of differont sensitivitiec were
used in serdes to yecord the final output of the amplificr. This
obviated tho necessity of using a variable shunt and allowed the
apparatus 4o véoord unattended .oven when there were large
variations in the magnitude of the input, i.0. the preoipitation

owrrerit, - '
The H.T. and heater supplics to the amplifier were

normally left switohed on amd no major fallures in eithor amplifier
or powey oirvouits ooourred during the three years of eperaﬁion and
tha _@enera) pepformance was highly satisfaotory.

The acoumulators supplying the elecotromoter valve
hegter ourrent (Adamson 1956) were charged up regularly, after
about six days of continuous use. WVhen the acoumulatore wore in
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heed of recharging and falled to give the correet ourrent, a
change in the zeoro output of the amplifier resulted and the
acsunmulators were immo@iately changed. The amplifier zere
vas always adjusted bafove recording took placo and a slight
zoro shift was sometimes found te have oeourred, of as much as
a few millimetres in galvanomoter Gefleotion, in about five hours
regording. As this dpift wes always, without execption, in the
samo divection (that oorrusponding to a positive imput signal)
1t was attributed to an extvemely omal) diminution of heater
current in the olooctromster veive. This Arift, when it oocurred,
was not troublesome as the mere output was recopdsd usuaslly at
intervals of i} hours during a @ay*s rocerding and any error
fatroduoad by assuming a lincar ohange of zero over these imtervals
aust be excsedingly small,

The most reeont calibration of the amplifier gave the
en&iuﬂw in terms of the galvanomotey ﬂaﬂeomm and input

voltage ap 5049 om. por voit. In texms of the eurrent voseived by
the coz&écﬁmg urfacy this glven 3488 uu k‘m‘ai LR awdofisction
foy the high sensitivity galvenometer and 82,1 ,}HA.&"‘Q = 1 om.
for the lgw sensitiyjty golvanemoter. The calibration is shoun
in figa. 10 and 11, *

'l’hn V.B.Ep was calibrated (fige./d, 13) by a similar
mthoa. the veltage boing applied at a sooket on the indicator
unit by means of a tipeand-slesve jaok plug. Desplite the
modification desorived in 4.3  there was still a very siight

%
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doviation from linecarity for negative inputs corrvesponding to
defleotions neay full scale on the meter. However, due to the
shunts for the recording galvanometer being chosen to give a
econvenient semsitivity, the Ytop" cnd of the scale was never used
and the nop~linear part avolded. Normally tho V.R.B. operated on
the 30 oV range and a galvanometer defiection of © em. was

equivalont to 16 mV 1,04 an input current to tho shielded oelle otor

of 20,9 ,7«1;@1&"3; vhen this deflection was excoeded, a Tazs cveas,
the inetrumsnt was switchod to the 100 mV pange. The 3040 n
fnput resistor was used throughout, _

Two problems arose aconverning tho operation of the
V4ReDs and the chielded eollestor: -

Firstly, insulation breakdown due to splder’s webs
sonneoting the colloctor to earth was a vory roal problem. The
teéochnigue adopted to ovorooms this was simply to breask thege
oonnections before the start of the day's récording by "Bweeping”
the surrounds of the e¢ollectior manually with a short plece of
csbleéx The exposed colleotor was alao "oleansd® most effestively
by this metliod but the goometrloal design of ths ehiel&@d_
recaivey made the operation mars ur‘r_mum spue_rs. .-ﬁot. being
inseots, ars no$ dledouraged by the usual insecticides, b-u-é an
interesting and usaﬁ!ﬁ'ui faot conoerml'né them came to light, Onoe
the oollectors had boen "cleaned" in the morning, further 'ti:'aﬂ:i-ufré

of insulation from thie cause oocurred only very rarely durins the

day from whioh it was ‘condluded that web-building takes place

Faia, et e R L T T NPT W
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ovornight or in the early morning. This was lator confirmed by
the Durham Colleges Zoology Departmont as being a known faot
about spiders!

Seoondly, after switohing from the "set Zero"
position of t:-he' ranse switch of the V.R.E., vhen the input
resiater 4s shorted out,; to any of the ranges (usually the
30mV range) the instrument oould take several minutes to settle
down to give a steady zero. 7This was partially overcome by
leaving the instrument normally on the 1000 mV. range and
switohing carefully (to avoid plezo-eleotric effegts at the
switoh) to the 30 mV. ranmge before uses The pr@b}dﬂ~ﬁa§ further
complicated by having to switoh to thg "set Zero" position in
ordor to carry out the "oléaning" of the collestor demoribed
above., Xf the oncet of vain could be antioipated however, these
preliminary proparations oould be ocarried out and the apparatus
made-reéﬂy for uge in good time,

The perrormanoe of the instrument itself was highly
satiefaotory'and no irregularitlae appeared which were not
attributable to insulation. breakdovn at the colleotor. . The
apparatus was kept pérmanently switehaa on ae reconmenieéd by the
makers for maximum etabllxty and a 100Q4¢¢F oapaoitor of high
insulauion (heeter taan 101‘4n.) was connaoted aoross the inmput

rosistor incraasing tha ‘response time 4n order to yteld a steadler
output,

After a fow months of taking results during
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conditions of precipitation it beeame apparent that any
differences botweon the current densities measured by the two
recoivers were mall and Gepended oritiocally on the desgree of
agouraoy with whieh the quantities were known., Now the
ealibrations of both the V;R.E.. and the d.0e amplifier, described
above, gave no ohéok onthe values of the inmput rosistors and {¢
was evident therefore that a careful measurement of these was
needed, |
Henee the resistancesof the 1039 (nominal)

reistor in the V.R.E. head unit and the B,B:K'Znaminal) input
.rreas.ster of the 4.0. ampliffer eleotrometor stage were determ:.n:ah |
by the xhethed of leakage using a standard eapacitance of known
valus in parallel with eash resistor in turn. The resistors were
removed from their respective oirouits with sreat care and the
minimum of handling, The condenser was charged and subgsequently
disoharged ﬁhrgugh a ballistio gaivwomeber using a high insulation
switoh of parafr!.n vwax with meroury contaots. The well known
equation Q = Qg ¢ % [ro gives the value of the charge Q remaining
of the eanhbinse&i ] after leaking for time ¢ through the resistance
Ry Qo beling the value of Q when ¢ . 0, and éertes of mdinéa of
Q and ¢ vere made, | |

| Gpaphs of ¢ against ,1@3 Q"/@; were plotted o;h_d the
gradients of the | gtr.aight 1lines so ob-t;as.n'aa' w’aré determined by the

method of least squares and a ﬁa-ﬂ;sv&m eotimation of the probadble ;

error of the gradients wers aleo made, The yesistance of the

o PO,
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' standard confenser 1tself was pre<detormined by the same method
and takea into asccount in the ocaleoulations.
' The values arrived at for the V.R.Bs 10100 input

rasistor nv. and the input reaistor Ry, of the Q.04 amplifior were!
 Rv .08 103 .0 (Sag) .
and Ry g s.sa x 101" (t %)

iy L Eb&l&wins tho ‘balibration of the input resistors, a
fault aevalobad.in the 4,0 amplifier cirvoult and 3tg ioecation
.yrbved to bs a lenzthy task, An exhaustive cheok of the whole
'.olreult from colleotor to galvanomotey revealed by an odd
oolneidenea a brakan connection and a *dry Joint" dut did not
uncover the gourne of the trouble which was observed as large and
frequent random pulses in tha output even with no ourrent flowing
into ﬁhe ¢olleotor. Finally the input resistor was again removed,
carefully cleaned with tissue and resoldered in place with
metioulous care, after which no further troudble was enéountored.
The value of this inoident lles in cmphasising the great care neceged
in handling very high reaistanaee.

A ohadk was also madie on the areas of the apertures
of both the shielded and exposed collesctors, This revealed that
the valuo given by Adamgon for the area of the latter was in error.
It was in faot 0.18 of and not 0,19 m2. as stated in Adazeon's
thesis. The area of tho apeyture of the colleotor iteelf ip e,zema
but {t had beon nealaoted to take into acoount the fao% that tha

S -.L"] 4 \4.35

ot —— it
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aluminium guard ring vhioh surrounds, but doss not of course touoh
the colleotor, slightly overlaps the rim of the latter giving this
reduetion ik arsa.

eanbmuen of the fiold mill took plaoe at frequont
mtservals usually at the beginning or end of each day's reoordi.ng.
This was earried out by applying a knowvm potential to the large
horizontal aluminium plate used in the compensation procedure,

It was assumed that the exposure faotor of the mill was the same
unfer these oonditions as when 4t was oxpooeli to the atmospheric
potential gredient,

The zero output, given by Adamson as «50¥/m and
attriduted to a oontact potenual differenve batween collooting
plate and potop, was found to have a valus of 485'/m whioh remained
more or less constant, MB difforence from Adamsen’s value could
be due t0 a ohange in'the vopdition of the eurfaces of the vanee
by weathoring, Hut if this were so 4t is not clear why no further
change should have ocourred in the zero output in tho subsequent
_ Thé mill performed satlsfactofuy and reqnirad no
attexgbion in the first two years apart from Qhanslns the commutator
brushes after 18 monthe use. Bw,ever. aftey Ms timem Gue
probably to some olight lack of alignment in eonstyuotion, the
ériving shaft and pulloy beoaue very badly vorn. (The mill is
driven by an extornal motor via a Vsbelt on the pulley)s As @
result the whole ocommutator system was thrown out of iiue subjecting .
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‘the bruches, and in faot, the 'w'ho;é’;haehl.ne. to excesoive
vibration. Although this G414 not -at first affeot the output,
muoh troudble waé oaused later through byoken oonneotions and

b'moh springs, euni~ sinoce the mill haé to be partly dismantled

and taken indoors wé& for suoh minor repailrs this beocame |
inereasingly inconvenient, Finally a new pulley anf a now ahaff

woye made for the mil]l whioch was completely stripped down and res
assembled in tho process.

Further trouble was encountered when spurious pulses

of vemavkable regularity, with a perdod of approzimately ¢ secs,

" ocourred in the final output, This was traced to a fault in the

" neon Mullard 0.,C,3, used foir ‘stabilioing the amplifior H.Ts Othere
wige the amplifior eircuit vas entirely troublesfres.

Aﬂer' periods of modorately hoavy or prolonged rain,

- the mill output beocame irregular du¢ to the insulation breaking
down botween the feefback vane and the earthed framsvoik supporte
ing 1t. 'I‘rxg pi;atatmne. stand-off insulators of this vane were
£itted with Smal} alumdniup covors which protected them from diveot
rain but could semetimes make sontact with the poolcs 6f vatep
-cgueoting on the vane in heavy rain. The mest efficlent ‘method
of counterating this ﬁas phe somwhgt orude one of v{aa obaerver
kneeldng over the mill and blewing the acoummulated water off the
vane, AS it was not necgsgary to atop tho mill, this inalozant
teohnlque was the least wastefu) of rocording time and was us-uau-yn
suﬁo:essm. %hen the preoipitation was in the form of snow the
difrioulty was inereashd and in many cases the mill had to be
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stoppod bofore the vanes oould be offéatively "oleansd®,
5+9s Regordins Progedurs.

All reoording was oarried out photographically.
Mirrop salvanometers were used in conjunotion with-a clockwork
drun gamora carrying a strip of photographie recording paper. In
all, five galvanometers were im use: (1) mill galvanometer NOO’S"Q#
ipg tho potential gradieni-s (11) and (114) high and low sensitivity
galvanometers recording the aireearth current measured by the exposed
oollectoy and d.c. amplifiecr; (iv) meoasuring precipitation ourrent
from the shielded oollector and V.R¢B.§ (v) rainfall recorder
galvanomoter, |

A timing eircult triggersd by halfeminute p‘\ﬂiﬂ'ﬁs from
the labedlock via a uniselector, switohed off a 'fosgiﬂg lanp for ‘
30 seconds every § minutes thus providing cach record with a btimse
soales After some experimenting, the camera was geared %o run at
a rate of one revolution (i.e. 18" of recording paper) in 1} hours,
this being fou’h& the most converilent time. The use of an )
altermnative camera having a take-up apool and adble to run for zﬁgveral :
hours withoyt ohanging the record was aonsidared but finally
n'g;.eatea--a Wher the "I} hour record”’ oanera was used, any fault
arising ib any of the apparatus, usually through 1nsulation fallure,
would malte 4tself apparent in less than 90 minutessince eaeh record
wag developed, as a rule, almost immediately affer it was taken,
Frequently such o fault could be rectified vithout much 1oss of time.
1f, hovwever, a vhole days recoréing vere taken and then developéd, a
fault could have oocurred quite early and remainded undetected. |
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thereby rénﬁgﬂng many bhours of recordling ‘uselesss In practice
the paper in the camera ‘could be ehanged in under two minutes so
that very little recording time was lost.

Reocording took place whenever méteoriol‘og&-oal
conditions were favourable; sometimes the onset of rain could be
antioipated dbut in many cases precipitation had al_raady eommenoed
when the apparatus was switched on,

Firatly the heating ourrent of tho dectrometer valve
of the ds0, amplifier vas connected up and the valve allgued o
"wagm ap® whilst the collectors wore “oleaned™ a8 désorivad ‘1'1"1"- |
B4 The electremoter valve Hyl., fleldwmill motor afid mill
amplifier HyTy wore now switohed on, the oomponsating oircist
sonnedted, and the V.R,E, switohed to the 30 aV ramge, Plmally
the galvanomater of the rainfall reoorder was switohed into eirouit,
The caméPa was now st up in positiop, the timo noted, and rocords
ing commenced, UWhilat the ourrent; geros weore beling recorded with
the earthed piato.over the mflll apd exposed collootor, ang-an
earthed oover dvor the shiclded -céllecton,._ the vainfall recorder was
oalitirated (see 8,8,) The funnel was £iret thofoushiy wettsd by
sprinkiing with wator fyom a burettey it was found that the- volime |
required to Go this befors the sd4s bevame saturated was remaskably

e

constant ab aboub 8 cos, The covors wore then removed and the:
aquipment courid then bo left unattended. The oovers were replaced
usually at the bdeginning or end of 2ach record, and always at the
end of a day's: rooording, providing a cheok on any zavo drift vhidh
may have ogourred and facillitating the analysis of the records. .
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In analysing the roodrds two possible alternatives
wore considered (a) to toke instantaneous vajlucs of potential
gradient and ourrent density every minute or halfeminute from the
record, or (b) to take the average values over minite or halfe
minute imtervals. The former alternative was too dapendent on
transient effects particularly im tho inadequacy of the compensating
oirouit to &eal with oudden emall potential gradient flustuations "
and 80 4t was oonsidered a truer assessmont of the guantities
involved to avorage over minute intervals,

At first, the records were analysed by ruling vertioal
lines on the record at "minute" intervals and measuring ﬁﬁe traces
with a transparent ruler, tho average values being 3@3@8’ by
inspection, This proved an extremoly tedious and longthy task and
a more officient method was devised, This was aochieved by making
a gratioule -aut of a thin transparent sheet ofcollulone acetate
{the samo material used in oonstructing the dleleoctrio contalner
of the palifall resorder -~ Chaptér 3). Horizontal lines at
munxnetra intervals and vertical lines ‘eorresponding % minute
time fntervals on the vecords wers yuled accurately on the sheet
using a milling machine with a gramephone nesdle as the drawing
implements The graticule could ba placed over the vaesord %o be
analysgd fitted to the zero limo of the quantity being measursd
and the minute averages of the quantity read .off, e effioleanny
of the mothod ¢ould be greably inorénssd if an assistant was .
employed to wiite down tho values as they were read ouba Iﬂ'r'-f&ﬂ-ﬁs-,;_
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;._;«ﬁm_ study" on the.operation showsd that w0 .persons working

in this way took loos than half the time taken by one worker
glone, thoreby resulting in a saving of manehoursd

| In detormining the rate:of rainfall from the record,
tha inutantaneousr*a&iug at tno bagim&ns of gaoh minute was -noted
and henee the ¢hange in deﬂection ovey each minute interval was
found, this belng rolated to ut;g; inorement in voluns of rain

colleoted. H@h_oe by roference to the caubzvétmn' céarried out at
the otars of the record, the average rate of vainfall in =
mil.!.imet:éeé:l‘ por minute for each minuté interval was determined..
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The first useful results camprising total afr-
earth ourrvent, potential gréﬁiont, and rate of wvainfall
measurenonts were taken on the 5th of Novemdber 1967, and under
the heading "Winter of 1957-58" ayre included all results taken
between this date and the end of April 19068, This period 4s
oonsidered separately from the later work and is distinguished dy
the fact that the shielded colleotor was not in operation at that
time. Although it was set up in position during the Winter, and
attempts were made to make use of it, its performance remained
ineffiolent until the correction desoribed in 4.3 was carried out
in the April of 'S8,

Results were taken whenever nimbo-gtratus comditions
ocourred and preoipitation in the form of rain, snow or sleet was
fallings aotual recording begam whenever these comditions prevailled
or were imminont, All results were confined to the range of
ﬁoﬁaﬂttal gradients of & 800 v;mfl, those outside this reglon
being rojested so that the condition of no point discharge could
be satisficd with certainty, This value was fixed rather
arbitrarily bust potential gradionts of either sign as high as
600 v;m?l were rare anyway. No partioular restrictions wore
imposed regarding the length of time precipitation had to osour
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before the conditions wore “entitled” to be called nimbe-atar-atﬁs
provided the above oriterion was satisfied and that the weather
vas not obviously showery.

‘Recording took place on 20 aifferent days giving 80
difforent record éheets (eaph record. normally rapraéénting about
76 mins, useful recording time) from which a total of 5,144 points
were obtained, the sumber of “"pointe" being the number of minute
intervals over whiqh the three quantities, o=m§nt density, potential
aradient, aﬁd vate of ré&nran were 'simultaneously recorded. On
seven 'other days recordings were takem but no useful réﬂulta
obtained as the weather proved showewy or oﬁherwlsa unacceptable;
also recording time was 1ost throush a number of miscellaneous
oauses, 8.2. insulation breakdown, minor faults in the apparatus,
ete, No satisfaotory method of determining the rate of precipitate
ion in snow or sleet was dévisca, so that thls quantity was abdsent
in the data for these conditions,

The fréguendy with whieh the various sorts of
precipitation were recorded may be secn from the following table,
| ' Hosof daya.  No.,of Regordas.

‘Pointa,

Rain. 10 25

Snow, (I SRR | ‘80

Slest. ¢ | 0 472
st 8 | 133

The redords of each day wore analysed as desoribed
in 5.10 and the values of ourrent density I (-,«/"Aam-'al, potential
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3 45y

| y
gradient F (Ven*}) and rate of rvainfall r (mm.min"}) were
tabulated,

In order to investigate how the I/F relationship
depended on ¥, all the results fer rain had te be sorted into
groups according te the value of the yate of yrainfall, The ranges
of this quantity were chosen to bes _aero t0o 0,003, 0,003 to 0,01,
0401 to 0,08, 0,08 to 0,03, 0,08 to. 0.04, and "greater than 0.04";
thess may be abbreviated to the symbols <, ¥, XX, XIX, ¥ and >,
re-apaetﬂ.vaiy {aX) values in mn, pey minute), A value lylng on a
range boundary was included in tho highor vange thus “0,0) m,mtn “lo
was inoluded in the 0,01 to 0.02 gyoup.

The relative fadguonoy of the aifferent rates of
rainfall in the Winter results ie shown in the following teblet
r < r X I L o> |
a 962 819 287 147 - e 3V
all but 2 of the 37 points in the last group lay in the range 0,04
10 0.09. ' '

To obtain a comparison with the results of Ghalme¥s
{1966) the results in each rate of rainfall sevtion were now - ;
olassified into potential gradient divisions of 60 YV, ™ ea;nh, '
total of 10 intervals in all between. 2 500 V. 1.;.

Fox each "elass intéeryal" of potential gradient, the
mean values of I and P wore deterained amd plotted ac a single
polnt on a graph of I against P} these points will be refarrad to
ag the "olass interval points"s Sraphs of I agalnst F were made
for- gach of the ¥ate of pajnfall ranges and ave chown in figilé
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k)
50 19 inolusive. "The figure printed beside eéa_h' point on the
graph denotes the number of ocbservations (minute intervals) whieh
that point yepresentss In afdition the results for all rates of
rainifall were lumped bogether and a graph of I against F for "all
™ was plotted, (Pig.e0). ‘

It wae seen that all the graphe showed a definite
tendenoy to conform to the straight lne relationship esteblished |
by Chalmers {1956) who found (without rato of rainfall measurement)
that his posults could ‘be repregented by the equation

Tea(f+0) .
wheére a & »l8 x 108 //A A*B/ven®*d ang € = «140 v.m""l
for mi!h

Uslng the method of "least squares™ the best
atatistical eg‘;r&i@t 1ine _.é:a;a- fitted to the pointe in eaoh of the
. .sevon graphn obtelfivd from the "Winter® results, ‘ |

In computing the "baat" gradient of each line, account .
was taken of every individual cbservation and not movely of the
"glass interval” 'po'i.nm shown in the figures, The most convenient
forn of the "least squams" theory glves the gradient; os |

whm n 18 the totn!, number of wmw. and r and 1 are the overall
avemge valves of E and I reapeotively. From a knowledge of the
'mama and tne mean point m f) the interoept on t;ng F axia

- eould e found, 3 ielding the value 6 4n Chalmeys® equatlm*
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' Despite the use of a Geskwoaloulating maochine, for
whioh the form of m ziven above is baest suited, the evaluation
of the gradients proved an exoeedingly lengthy and arduous task,
Consequently an inteoresting investization was carried out with
a view to greatly reducing the volume of work requirved. The
gradients weére determined using, not all the individuel ohaervacaonsfi
as before, dut thp "weighted" class interval pointe, each of these
being treated as p identical points, where p 1s the numbey of
observations the point represented. This mothod involves only
" twenty multiplications each to find £ FI and2¥2 wheroas the former: -
method requires a total of 2n multiplications wheré a is the -i
nunber of 1ndiv1ﬂQ91 ahaarvatlons.' Exoapt'tbr the reénlte fox 1
0<r <, 0,003 mm.m!;n"'l‘ the gradlents found using the welghted elass
interval points Giffered in all cases by less than 2% from the §
previcusly determined values,

The formidable task of calculatingthe "standard %{
deviations" of the gradients was oonsidored unjustifiable from the

point of View of time spent compared to the value of the rosult,

SRR S

L)

Tho reeulta for snaw and sleet were troated in a
eim&lhr fashion to those for rain although preoipitation rates
vere not available in uhese cages. Oraphs of X against F vere

plotted fop the enow and sleet, and alse for the intereating oasa
of Ywat snow", This latter was the rzrst snow of the season

obgerved in Durham on the 1Oth Baaambet 19067, and as the name
fmplies eontpined much 1iquid olthoush 4t fell as snow mtm than .

B S A P




SUMMARY of RESULTS of WINTER 1957-58

Valves of the constarts a & C in the equation :
I=a(F +C),are tabulated with rairfall values 'r .

Tred B | r o) ;28] - () Moot
Rain (<003 032 | 31 | 962
Rain [003-01 300 | 947 | 219
Rain |01-02] 393 | 998 | 267
Rain [02-03 518 | 957 | %7
Rain [03-04 709 | 163 | 46
Rain |>-04| 653 | -63 | 37
— | 219 | &8 [ 1677

FL

Sleet | — | 191 | -124 472

WerSwor| — [ 178 | 12 [ 133

Snow | — | 09 |[-176 862

% Singlc Day’s lo:12: 57
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sleet dut soon melted completely on reaching the ground, It
was characterised by extromely large current densities (whiok
would have completsly "ewamped" the results for sleet had they
been ineluded therein) and also by a display of the mirrer image
effect (Chapter 8), |

The gradients and intercepts of the I/P graphs for
the three £ypes of solid or semi-solid precipitation were found,
as in the case of rain, and shown in figures 21, 22 and 88,
Be. 80

The results of the Tinter 105758 are .sunnarised
in the table in £ig,. 34, in which these of Chalmers (1986) are
also included for eomparison.

_ ~ Xt 18 geen that the magnitude of the gradient a in
the equation I ¢ a (F 4+ €) ilneraases with rate of rainfall and
from a plot of a against ¢ (figs 86) it is secen that the varlation
can be represented empirlically by a® & r z 10" to a rough
spproximation 4f the paucity of points in the higher rainfall ranges
10 taken %0 aoocount for the dlsorepancy for large vre No great

claims however can be made regarding the significance of this
regult without further vorifiocation and inmieed the 2nd, 3vd and
4th points on the graph lie nearly in a straight lined

| The intercept on the I axis, heiievga_by_S&mpson
(1949) to represent the fair veathor potential gradient, 16 seen
to show & rémamkdbxa constansy, at approximately 1qov;mfi, for the
intermediate rates of rainfall whioh although less than Chalmers
value of 140 T,™} (for all rain) 4s a yeagonablo value for the




Graph of -a against r
Winter 1957-'58
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PR e et

falr weathey potential graGlont at Dupliam. Howsvor, omallow
galues of ¢ are given for vory low and vory bigh ratess

In the case of anow, tho vaius of a 1o very necarly

1dentical to Chalmeys yosult bub but the value of C shows a lappe
d1fferanoa, an oeep 1o Tadblo 24,

four most intoreoting obassyvadions orose out of the

results of tho Uintor {1967-00).

{a)

The sirrér f0ago offoot (coe €halmaps X967 p,20B) wae
o froquent oodursendes Tho moot otziking phenombna asgosiated
vith thig vore vory noticcobls timo delays betuesn ourrent

- and potential gradient paximae Sinec both I and F ofton

{v)

varied with tine in a wavoelike fachion 1t became common to
refer to theco delays as pscidoepliase lags and thelr occurroncs
wah of great intorests A fullor discusgion of thase '
obasrvations 4o glvon Anh later ohaper.(s).

A waveelfke varfation 4n surrent withoud any corresponding

potoptila) geagient shances somotimes ecciral espeoialldy ia

' low pates of vainfall, and this So aloo 4lscuszed 3o %‘ftx&ﬁw 6

(6)

On the 6th Januapy 1968 rosordiag was taking place ia aleet

vhen quite sufdonly tho prasipitation was oboczvod to0 ahange
fron sleat $o onow, Shis cas gocenpaniod by a simultanoous

change fpum condltions of pooitive I and necadive ¥, 6o thtsce
of nopative 3 and positive B The moteorelogleal and |
aleatyrieal chonges vwore actunlly toticod by tho ocboorver vithin -
a very ahort tins of ope anctiar provably cherter than 3
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‘E:umﬁnnerSthhaﬁ the word "simultaneous? is justifiable
in &asor&bing thoe change,

(d) On oxamining the YI/F graphs for rain a "parabolie” offoot
gan de.seen,’ The word "parabolic” is not intended to be
taksn seriously in the mathematical rense but serves to
1llustrate the tendenoy for the points to ile above the
Line for all pooitive, and for high negative potential
gradients aﬁa below for low nogativo values, This 4s
particularly marked in figs. 16 and 16, and appears more
striking because the "qlass intorval® points only are piotted,
Nevertheless, there 1s'a shrong tendancy espeolaixg in the
positive P and positive I quadrant to deviate from the lineay
law, It 18 to be noted that for snow this deviation also ocours
in the positive F, nogative I quadrant and that it may be seen
alge in Chalmers (1966) rosults for both snovw and rain.

Althoush this was scmethingz of a misnomer £rom the
point of view of tho 1988 weathoy, this heading 15 convoniently
used to cover all results taken from the Sth May 1958 to the 5rd
Cetober 1988, An exceptionally dry autumn aﬁa early vinter then
follgwed duping which considerable indoor work on the apparatus
was done and would have prevented racording; no sultable days
ooourrad howevars

The shielded collootor was now wopking and particular
interest bacame fooussed on the compapison between the precipitation f

o L Itelan B
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current density Ig (4y4A.m78) recerded by this and the total
alr-earth current moasured by the "Adamson apparatus”. Simultaneous
recoxrding of potential gradlent and rate of rainfall were of course
still made, , .

All results whioh di4 not for any reason inelude all
four valﬁes I, I5, F and r were disregurded.

Successful recordinz took place on 1l 4ifferent days
giving 31 records and a total of 1348 points. (i1,e., minute interval
results) On 6 other days recording was unauooesaful due to failure
of apparatus or unsuitable weather changes. No preeipitation other
than rain was noted (although snow had fallen on the 6th May the q
previous yeari) and the relative frequency of the rates of raine
fall is shown in the table below:e

r e < ¢ X III Iv >
n = 698 193 167 140 84 69

The records were analysed and the results olaQSif;ed
as. deseéribed in 6.2 and gréphs of both I and I plotted against P
for the different ranses of r (figs. 26 to 51). It becams
immediately abvidhﬁlfhat in most cases, deviation from l;agag;ty
was greater than in the Winter's vesults and that 4f the ”bés%"
stréigha'linee wore drawn they mizht have pesitive graﬂien#é.for
the loweyr rates of raintall; The gradients vere determined usipg
the "elass interval” points as described in 6.3 yielding the
following results, whers m X 1078 equals the value of ﬁn&-ﬂpnstaﬂﬁ
8 in the equation T e a (P ¢ c)-and Mg X 10"?3 gives the valué of a
in a similar expression for I . '
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re < - 1 .nx . m v >
me 14428 - 0s04 0.46 «2+89 «B,062 . 74.96
g & 1--_.24 ' 0.26 0.18 »l o687 91:31 =3,78

Despite the ooourrence of the positive gradients it oan be seen
that both m-ang g;:degraase a8 p inoreases, This is net contrary
to the yesults for the Winter as it will be remembered that it
wés the magnitude of a naggtive-gradient.which inoreased with
inoreasinz rs An examination of the gradien$s showeéd that thore
would be no virtus. in detormining the intercepts on the P axes.
Thilst 4t was both difficult and nocessary to guard
against seckins a linear correlation between ¥ and I vheore possibly
nonerbxiéted, 1t was believed that the ohief factor: “uﬁﬁetﬁingﬂ
the Summer results was the occurrence of what has been desorided
as the. "parabolic” effect (6+6 (&)). This is partiocularly true in
the case of £13,2B where one or two points with high valuos
greatly influence the slope of the I/PF lino,
848, _Compayison of "Wint: . egults, |
Considering results for all rain irrespective of the

7 .and "Summer®

r&te of rainfall, the average ourvant I was fouha to be higher and
the mean potential aradtent ¥ lower (in masnitude) in the Summer
reaultsv Thara appears to.be no variation in the mean potential
gvaﬁienx with r except for rates below. 0.01 mmamin"1 vhere B tonds |
to' be Yow: This:1g shown in the table.bolow where ‘mean I and F for
~e§bh;range,or r is set out and is also sugpnrte&fhy-h&é'lasa
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| WINTER *87-68 s SUMMER *68.
r n # 4 n P % T,
<. o8 80 0,34 | 692 . w49 - 2.3 BB
I 219 63 B.33 | 198  «49 8.9 646
p & 287 =316 8,48 367 -83 A 741
13 147 “95 9.88 | 140 99 8,7 8,0
v 46 «103 8449 | 8¢ «93. 846 640

> 38 578 471 | 69 78 16,8 7.9
r 1677 <93 3,46 | 1846 -89 505 4,97
Ghalmers '661- | 1418 -196 8.8 -

Tﬁb.mgin forus of intorest in the 1968 Summer bHoosame
the aifferonce botwoon the current densitles reocorded by the
shielded and unchiolded collaotors; 1+e. betweon Ig and I
respédtively- Any single day's recording revealed that both
collectors wore measuring at leaot epprozimately the same qpantitys:
the traces on the rocord followed cach othor olosely and vhilst
on analysis, values over minute intervals oliowed ‘bmall differences
oftén of the -order of ;,,qumfa'little congistoney was found and
no correlation with potential gradient or yate of rainfall could be
found. The former was expected to sivb a eonduetion ourfént
(included 4n I but not X;) whilet the latter could involve a
splashing term (seo Chapter 4)s It was nsoessary therafdre‘td
consider in oomo way the avorages over larse numbers of roouitS.
.Aocordingly the mean valuos of I and Ig were taken for each “oluss
{nterval® point on tho geapho of £igs 26 to 3 .

The following table shows tho results of this
analysia; the fisures denote the numbor of “"elass inne?valﬂ points.

~
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in whioh I ' ¥g 6r .vice versa for positive and negative P and e
for all r valuas. It should be noted that no trend at all in
‘the sign of (I = Ig) ocourrsd with changing magnitude of P.

Oy 3 b 3 F T i
[ > . - : 3 : ) } F +.ve
I,>1 B 5 - 8 3 6 6 =R
I>1 1 8 e B g 8 -
150 7 7. 3 a4 i o fra

The conclusions whioh will bo disoussed in ohapter 9 arose

For posititvo ¥ and all » | %eseecennvecceceivy Ig > X
- For negative F and 1low ' secneviecens e Ig > 1

For negative T andl RIZR T cevevscesrcscovecse I > :5
A £ Bfgoots

The Fmirroi inage etfgep" was observed on numeorous
ocecasions and, as can be seen frém figs. 36, 37, 38, whioch ara
réproduotiéné of aotual records, both I and Iy showed Ghis
phenomena, Thus tho mirror image effoot does not appaar to depand
for 1ts existenoce on the degree of shielding of tho collector as
has been éu@geeted (ehalnags»1957 P+196). Alse the effect
desecribed 1&-6»6 {b) above has been found several times in bdoth I
and Ig traces (sco £igs. 44 =~ 47,)

8:11. Tho 1950 Results
(a) Qengrsl. The first 9 months of 1969 were remarkeble for the
extremely dyy weather which prevailed: partiocularly ia the fSumner

season, som® of the montha‘being the 4riest on record in Durham. %
Henoe insuffiolient results wero obtanined to make any satisfactory
comparison with the two poricés already &ecoccribed. This was
unfortunate in that the differenoes between the B7«58 Winter and
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the *58 Summer ooculd pdeeib‘ly: ;ea_son_al. and 1959 might have

provided evidencefor thiss '
Novertheleee recording did take piace on 8 da;?s s 7

in January-April period and one in June, The statistios are given

("

a8 hoforate

zpells Nosof daya, Ho.of recordss  Ho.of points.
Rain ) 16 598

Snow 1 ) - @88

Sleet 1l 8 96

(b] Rain, At first sight, the i"#équeﬁéy '-Of rain ;a_ppeara comparable
to the earlier pcriods considered, However, of the 598 points;
471 lay in the rainfall range 0< o < 0.01 and 2/3 of all the |
points occurred when the pote—n"bial gradient was between t 100V¢m“!‘
Thus in the higher P and higher r ranges where results for |
comparibon purposes would have dbesn most useful, very littlo was
obtained. It was not oconsidered worth plotting I/F graphs beocause -
of thisj examination-of the _ieéu‘;ta showod that oocasional
"rogue”. points would have had a Aeim&.lar and more pronounced
effect mi any tyend in the graphs than those of the 1968 éumer.

© A table s qlgawn ap below showing the mean valual of Fo I

and I, for g12forent Tate of vainfall (0e2s 84B)e

r n - ¥ -

<. . 370 28 1.78 a.ﬁa

I 10% «26 4.87 4,49

p % 4 66 -8) 4480 570

311 28 78 2403 3,8

w o 16 . ~78 @a. 48 -»ar.v
All e 598 T Sedh :
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Had time poermitted these 1959 results could have been
‘added to the 1088 Summer graphs (figs 26 to 31) to eolloot
together all resulte where I, I,,F,and r ware all meaaurgdo
However, a graph was plotted of X and Iy against ¥ for the
two periode combined irrespeotive of r (fs0. for "all )
and 1s given in fig. 38, '

Drizzle. For about half an hour on tho 29th June extremely

fine drizzle fell, during vhioh time tho eurrent density was
negative (about 34V4A.m‘3) and the potontial grodient was also
low and nogative (botween «20 and =30 Von™t),

On a sesond ocecasion (in Avzust) pet included 1n'ths conéral
rain results, very fine drizzle and misty conditions prevailed
all day giving again a small negative P and vory small negative
ourrents to both solleotors.

Snow. Only ome Gay of nimboestratus snow was racorded in 1950,
The 68 points obtained are all plotted in fig. 33 whioh is a
good example of the kind ofﬁaeatter»abtained in a single day’s
recording, and is indesd a mbre "well-behaved" exzample, ghan
mest. The slope of ypg_ﬁﬁast squares” atraisht linaliéwgéarar

what would be expeoted for rain {osfufig.24) but the

(e}

'eﬁéraqtprggﬁgn positive F and negative I' of steadily falling
snow are olearly seem. |
Sleat. Resultse for sleet are shown in £igi34 which shows a very

'iiﬁi?lagzaqmantlwaﬁh the -eleet reosulte of the provious years The

oonstancy in the difference bepween I and I, 1a to be noted and
faot that pleet gonorally shows a olose adherance to the linear
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I/T velaticti then either snow or vain may well be significant
‘with Tespect to the origin of yain chargde

PR, - Y TR LI U WU v




69,

The ionic conduction ourrent deneity siven by
$o s)\F vhere X\ 48 the local -conduotivity, contributds to the
total air-earth current I measured by the exposed collector.
Hovever, no evidence of the presence of conduction ourrent ocan de
found by oomparing the values of I with those of Iy (precipitation
ourfent only) as seen in 8.9, Henoce either i,y 1s mush smallor than
oxpected from a knouwledze of the acoepted values (Chalmors 1957
P.286) or else it isc masked dy a greater factof governing .the.
I - I, difference. |
Measurements of i, in fine weathey wore made and an
average value Of 0.8 uu A..m"a per 100 v.m'l was found. This 4o lese
than the axpeated value and could be due to a low leocal eonduetivity
but 4t is also less than the measurements of Ohalmere taken at the
same place.
By applying fixed potentials to the large test plate
(mentioned in 5.1) "artifiocial® conduotion currents were measured
and found to give a valup of 0.8 ) up A.m"a poy 100 v.m‘i, this further
reduction being attributed to the "unnaturalvoonditions vhers fon
replonishment dotween teat plate ani colleotor might be inadequate.
| The possibility arose that the “"Adamson apparatus®

was in some subtle way not measuring the full $wew oonduoction ourrent
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and so this was oarcfullylinvaqﬁigaﬁeda
(a) The most ebvious possidility that the collector had am
exposure factor less than unity was dismissed from the
determination of the effective area for displacement and
. ¢onduction currents (5.28).
(v) The condenser €, which is uged to differontiate the fleld
mill output in Adameon's compensating oirouit, feeds a signal
to the sooond grid of bhg electrometer,valve proportional to the
rate of ¢hange of potential gradient (see 248.) If dhis
condensey had a sufficiently low loakage resistance (about
5 £ 10%° onms) 1t s poesible that a steady output from the mill
eould flew through €, and the input rosistor giving a signal to
. the second grid proportional to the potential gradient 1taels
- ahdnhonce to hh@-canﬁuntien ourrent, Thus, total or partial
compensation ocould ooour for i, and the output from the d.o.
amplifier wauiﬁ,laok a_ oonduction ourrent occmponont.

By disoonnccting the mill output and applying e fixed potential
to the mil) side of O (equivalent to a 400 V.n"} mil) output)
8o ohange whatever could be deteoted in the d,0. amplifier output
indicating that the leakage ocurrent was neglicible and that the
‘theory that the apparatus was eliminating 1, by ocompensation
was inoorraot. .
(o) A furthor poesibility was investigated; this was that the
loakags ourrént botween the oollooting bowl (2.2) and tho earthed
guard mizht be appraciable dus to tho finite conduotivity of the
| alr and the faot that the bowl is above earth potential. dhenm:
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+eposeiving a ourrente This prodblem was. analysed as follows,
¢ 11 amps, 45 tho total ourrent flowing into the collector and
down tho input resistor R, the collootor potontial boocause of
the effeot of negative foedback is IMR/1eG wheve G is the pain
of the amplifier. Hence.a field is set up botwoen the
hemispherical bowl and earth giving rise to a leakage current
aoross the gap. - Uithout attempting the diffioult prodlem af the
form of the eleotrostatio field the eurrent was galoulated by
making reasonable approzimations and found to.be 10*8 of the
input ourrent 11, Thus, despite tho approximations 4% ocan be
safely oonsiderad to be negligible.

Ehe-eoﬁo;usieﬁ% finally dravn verel

{1) the oconduotion ocurrent was.&nAféot smaller than the values
usually siven, and (11) i¢ was not of prime importande in
deteum&nlngxthe ditferenne batween I and Ig.

@b togt tho ;essibtllﬁy that tho shiolded collsotoy
was nmissing the emaller rain drops in windy weathoyr (Chapter 4)
it was deoided late in tho final yoar to attempt the measuvement
of the pize of drops raaehiq@'both an exposed surfaece and a
surface below a shieldd identieal,tb that desoribed 4in 4.8,

‘Tho. mothod adopted was that uesé by Eutohinson (1981)
in vhich the -drops wore received on filter paper opocially propared
by depositing rhodanine dye in the form of a fine powder on the
surface; thée drop then makes on the paper a bright red stain, the
dfanter of vhich is rélated to the olze of drop.
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A calibratioh curve of 4rop diamotor against stain
diamoter is shown in fig. 86.

‘‘'we samples of the prepared paper were simultaneously
exposed to the raim for a period of the order of 20 seos,, one
shoet on lovel ground and the other inside the shicld. A ocount
and classifieation of tho stains were made using a thin sheet of
poropéx with holes of graded size drilled in i1t to measure the
stain sizes

Uafortunately, due se the excoptionally dry veathoy
and the tins spent ia perfeoting tho techniquo of carrying out the
axpooures of the papers without splasuiag or otherwise ruining
them, oAly throe useful results were obtained. Tho stain
diametérn wore measured to the nearest millimetre except that all
~ those l¢s than 1.8 mm, dlamster (corrempending to 0,05 mm. drop
: diaﬁéter) appear undor the "zero™ heading

Stain diametor (mm)

15.%59 fa) 0. 2.8 B 3 ¢ B 6 7 8 9 10 Total
% % 4 127 6 318 136

_ % 8 19 1818 7 & 1 3 189

20 87 26 19 9 11 3 B 2 B 8%

45 28 80 14 8 3 2 0 %1 1 388

e ol —
Txposed 898 - 141 115 74 9 o 785
sn.tex&éa 177 188 93 48 2 m 71 =408

Ll The first day showed a yomarkable ieentlty in the
aize/frnquenoy spectrum for the exposed and shielded gamples,
considering the considergble "experimontal error" invelved in
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countinz the very smallest dropa.

The séoan&,éay,wh&oﬁ was moye windy showed that iue
shiold 444 reduce the number of drops received and in partiocular
the proportion of tho very amallost drops to the total colleated
was greatly reducod by tho shield,

At the times when the drop pize meoasuromonts were
carried out, tho ourronts I and X, wers,gp the £ivst day, veyy =
sma¥) and virtually equal, and on the second, verying rapidly at
the time in question.

o satisfactory conclusions cdn HO drawn oo Zany LOre
rosults would he required, Simultameous moasurcnont of I and Iz avre
of sourse necessary snd would have to bo carefully synochronised
with the time of tho drop sizo sampling %o shovw any signifioant

rSOULtSs,

@happggaib%lity of splaphing effoots on tho raeeiving‘
surfaces of the two oall&dtgrs have been Glsoussed in Chapter 4ad.
- As tar as is known, the ehaﬁﬁlmg of dvops by splashing dan oocuy

in ono of two wayse {i) Lenamd (1892) founi that on lupacty a
positive charge: was given to the érop ~nd a negative charge to the
alvs (1%): Adiins found a fiold-depondent offcet alrvoady desoribod
in Ohaptor 4»

Smicay (1958) aode swasuromento of opaco chargs density
in the first oix motres 6f tho aimesphoro ahh-maﬁﬁ froguont
refedencon to the rvasurement of preoipitaﬁiag ourrent and raté of
vainfall doseribed in this volumo, both ressarch projedts being

%
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carried out conourrontly during 1957 and 1958 onthe same site,
It was found that a big incercase in space eharge

dengity conoisteont with the gonoration of negative ocharge by a
ienarﬂ type aplashing di{d occuy dut only for vory high rates of
rainfall, sreator than about 6,07 to 0410 mm, min®:
below this no such offeot could bo dotected. Thus it oam be
oonclufed that no oharging by splashing took place in any of the
rosulta deseribad in she &éggﬁSHaptar excqpt‘poaaxblyuﬁh the very
higheot rateos of wainfall racorded.(noto tho vates >-0§04 in the
tables for 1965 and 1969 « (0s8) aud(6.11) w»ospootively)

| adking (1968) found his uplashing offect to be present
only. vhei thé potential gradients were high aﬁd gave VQO-Vwm?* as

» Por rates

‘@ lower 1imit for the offect ©o ocours All rosults in tho present
work wore limived to potential gradients of between & 500 V;mfx 80
that an "AdGkins eplaching curreat® could be Gismfsded as a possidle
contributor to vhe ocurrents measureds
Finally, abvtempts wore mgde %0 doteot eharging by -

splashing by dropping tmoharged drops from tho earthed nozsle of a
"wator dropper™ on-%0 (1) th turf surface of the shielded collector
aa@ @iii a sheet of aluminiun placed on top of this, The drops
vope allowsd to fall through hoights varying from 36 oms to 128 om,
thie'iattsr=hgigpﬁigﬁgﬁng a tormina) fall volocity similar to that
of fhiiing~rain'§§§gﬂ§;4:mmseag‘1). Tho drops were much bisgey
than naﬂ@&iiruigéqua and would thorofore bo expeotod to give
areates aplashing effsots,

| In #0 eape G1d the VeR.l: give any déviaciun from §to
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zoro ‘outputs That the instrunmdat was working at the time was
was verified by running in ohawrgod drops at a khown yatd and
obzorving the 4e¢flcetion co produseds |
- Thyp ‘the vork of both Smiddy and the prosent.
author at Durhanm ingicdte that in nimdosstvatia conditions soplashing
offoctc may bé rojected as a possible source .of ralnechargcs
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The mirror image effeot, conveniently abbr&fﬁgﬁeﬂ

to "M.I,offeot? has a)raady been mentioned several timsg in thio
volume and it is the purpese of this chapter te give a fuller
ascount of the effeet. When it is obsorved, the precipitation
ourvent/time, and the potential gradient/time traces are inverse
'omrves. ono dppearing as the "mirror image® of the other. Vave~
iike patterns (Simpsen 1949, and Whitlock 1986) are often found and
the tiie- traces resemble sine waves out of phase by T . This wﬁil‘
be rofored te as the "normal" M.I. effect when tho maxima of I.and
P octur simultansously, (a maximum of F being so called when F has
1t0 higheat aagétiva value; in nimbosstratus conditions I &g Usually
positive and I, megative.

In the course of the present research, hovever; it
was found that whilst the M.X, effeg¢t was sometimes "normal® o.g8.
figs 6 (lowor half) and fig. 58, on many cceasions a tims delay
emis%aa between the‘oacuwranee of tho ocurrent and potential gradient
poakds Tho "glassio” eaamyle of this "phase shift" 45 poon in the
record of tho 1Ith Fébimary 1988 a ecopy of which is shoun inths
lower holf of £i3, 303 the "phift" is also seen but is lesg wells
dofined in tho figs. 7 (tep half), & and 37,
e85, The Howpalled "Ellipss Rffectt,
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The nature of this variation in two edrlier records
immediately sugzested that if I and P were plotted against each
othor with dus regard to time, a kind of "lissajous figure" would
résulﬁ. When this was done for the 1l.2,58 data the fig. 41 was
obté;ned. Without joininz up oconsecutive pointa (minute interval
values) no trend oould be sean in the I/F graph but om doing this
a remarkable sories of ollipses wes produced as a direct oonsequence
of the "phase lag" im the M.I, offaect,

The first two graphs plotted im this vay were figs.
39-and 40 and showed ellipses héving opposite senses for raly and
snow, an appareantly significant result, not unfortunately, borne
out by later results. _

Vhenthe ellipse is anti-olookwise it fllustrates the
ocourrenocs of a maximum in I before the (megzative) maximum in F
whilst a"olookwise ellipsechows that the current "wave" is lagging..
behind the potential gradient. Graphs of I/P were drawn for § days
on which the offcot was wellwdefined and are sheéwn in figs 39 to
43 inolusive, Fig. 43 shows the rather ohaotic result of plotting a
rapidly varying M.I., effeot with phase laga of both genses anfi |
1llustrates how little correlation can eoxist betwesn ¥ and I iﬁ a
sifigle hour'e ragording,

) The mirror imase effeot was observed on a total of 21
ﬂayé;(ﬁnt of 40 on which useful recording took place in nimbosstratus
genqgtions) althoush 1t was not alwaye so'well defined or so
prolonged as the 11.2,08 exomple. The following table shows, for»éiQAH
typos of precipitation; the nultber of days en which (a) no phades |
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shift ocourred (b) I maxima proceded P maxima, and (¢) P max.
preceded I max.,,

(a) BE%B 'gu%fw"

(v) 8 3 1 (-
(o) -5 ] 9 0
n- é 8 3 21

The M,X, effeet and the general inverse relationship
between I and F are mot to bd gonfused since the former 1s a shorte
period variation qqm@é:od te,ﬁgg.ggiaxauion time of the atmoasphore
whilst the latter 1s a stat;atioéi'oﬁrralhtlon of the two quantities
over wmany rdsultn. Eéwever, the twe ére_not uarelated; 4f the
*normal” WX, effect is apaiating.and the I/t, ¥/t varlations were
in faest atna,wQVes. then a plot of I'againsb ¥ gives a atraidht line
with a éegativa 5r§dipnt passing through the origin. Now I io
seldom negative in étea&y rain eonditions so that this line is
shifted upwards, consigtent with the Chalmers formula I & -a (Fe8).

~ Vhen a phase lag cocurs, if T lags behind I, an
antiolockwise ellipse is siven'wiﬁh its major axis on this line.
Bug-when f'laga,bqhiua ¥y then an ellipse oceurs: with 4%s major axis
having a pesitivezsra&iéﬁtg the extreme o0ase being when the two
waves are exaotly in phase (mathematically) and a straight line with
a positive gvadient is given., Thus the rséult of frequent ooourrencee
of a laé of I behinh F oould give, on averaging, an I/F straight line
with a positive gradidént., This could have some bearing on the fésult
of the 1058 Summer (figs.26 to 89) and will be roferred te again
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in Chapter 9.

The reoason for the observed time delays in the M.X.
offoot booame a point of great iuerest, The "normal®™ M.I. effeot
may bo oxplained in a very broad elementary way as the result of
the precipitation becoming charged dy some process in the cloud
base oy below with the chayse o@i@gyeéite sien remaining behind
and glving rise to the potenbial 5r&éienm obsorved at -the ground.
{The I/¥ relationship is explained but not the waveslike variation.)
This ovoresimplification takes no abcqﬂnt of (1) tha horizontal
notion everhcad of the oloud, or (81) the space=charge present on
the preoipitation.

-The forxmey has no effeot if, in nimboestratus
conditions, borizontal planea may be oonsidered ad equi-potential
aurfaéesr'but it is important 4¢ there is comsiderable horizontal
variation in eharge density in the oloud siving rise to wave patterns
fn tho potential gradient (Whitloek 1058)s, The normal HMel, affost
will then be observed 42 the arrival of the precipitation coinoldes
with the arrival overhead of that part of the cloud frem which it
oané (i.0. B0 variation of wind spoed with heisht);!r. however, the
wind speed does vary with height then a time deiay-wonld'aéour #n"
the M¢I. off6ats Koot frequently it wonld b axpecﬁa& that wind
spogd would lnorease withigight though the reverse is sometimes tiue,
80 that P mexima chould bo found preceding I maxima more offen than
vias voroa (oee table in paras S+8.) This was found to be so ﬂor«ééiﬁ-_
but 44 is notable that 4t was not so in the case of snow and 1t t8



probadble that in the latter at least, the afféct of the space
charge r;aialng on the precipitation ia more important.

| If the potentia) gradient at the greund is

considered to be equal to the sum of F), due to tho charge of
opposite sign to the preeipitation residing in the region of
separation, and Fp, due to the space charge of the falling raip or
gnow, then Py and I (the precipitation curront) wili be related by
£he "normal" M.l. effect as desoribed above' (without wind opeed
variation)s If now the wayeslike variations in ¥y and I are assumed
to ooour, and the effeot of Fg i¢ superimposed en F,, the resultant
ebgeirved pate—nuai gradient 7 ¢ Fy & Py may bo shown to lag behind

o t (1.0. T maxima aeouz- before (nemative) ¥ maxima).

24T
Fg at time ¢ 1s prpportional to ), I 4%

where 'l; 48 the timo takep for the preoipl.tati-on to fall from ¢loud
level to the ocollaetor, . Thus Pp at time © 48 a -r;e.au_:l.t of the apace
ohayge present at that Mme bgtwesn earth and oloud, If I varies
with height as wgll as with time then the copditions beoome more
eomplicatad but this simple treatment shows that & "phase lag" of
,t.m,a kind ¢an ooour as a oonseguence of preocipitation space charge.
‘Ehas the magpitude of the latter is suffiociently gveat may be seen
from the caloulations given in Chalmevs 1957 p.387 and since T 4s
of the order of 3 m&nuﬁas;f' perhaps a quarter of tho "period” of a
tayﬂ:g}eal MsI. wave, then it %9 quite feasible that the sort of phase
Q;Séﬁiﬁemnoaa oboerved cculd arise from this cause.

The obsgrved result that this oceurs more often in
snow than in vein is in agreement with this discuseion since T will
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be breater for snow than for rain.

étﬁ- Furthe:

otes, | .
Before loaving the discussion of the M,I, effeet

the following points should be noted.

(s)

(11)

(111)

No fundamental cause is known for the sinusoifal iature

of the X and ¥ ourves but it may be signifiocant that the
poriod of the waves is comparable to the relaxation time
of tho atmosphore (Chalmers 1957 p.24). It may be that the
MuIs effe0t represonts a variation or osoillation about the
quasistatic or pteady state, This &8 at prosent only a
tentative sugzestion and may meprit further investigation.
It can be shown that the two conditions of a quasistatio
state and no variation of pr@cip&tat&égfai;h hoight are
mutually exclusive on acoount of the space chapze on the
precipitation (Chalmers 1969) and 4t may be possible to
econsider this in connection with the M,I, effeqt,

If one of the ”wa;en” laga behind the other by a suffiolently
large phase angle then 1t may appear to be preesding the
thé§$ a_diffiqnlt thing to recognise on examining tlhe
Tecoris.

The conduotion current i, may not be "in phase”™ with the
potential gradient for chonges in %ime comparable to the
relaxation timé {Ohalmers 1967 p«26). This has been nesleoted
however beoause the Male offect was obsorved using the
shielded colleotor (see £ig8.00=28) whioch 614 not of course
measure 1,. _ ' 4
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On several ocoasions variations in ourrent density
(iﬁ Ee‘_ﬁ) ooourred without any corresponding vatiaﬁ-i-éné- in poteritial
gradient (fign. 44»47), These variations often appeared as a series
of "peaks" in groups of 8 or 4, sash group being of 10 to 30 mins.
duéétiﬁm Ho ohange in the ratie of rainfall could be detocted and it
was found that the "pe-ake“ usually cecurved in conditions whewe this
quantity was very lows No ozplanstion was found for this pheperduon
‘particularly as the convarge, viz. similar poteontial gradient
vapiations without precipitation eurront ohanges, was nover obsorved.

[
LY
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The results may be divided into three main topice
for disouseien:

(1) The 'Winter 1957=-58 rosults whore the ohief intorest lay in
the comparison with thosce of Chalmers 1966,

(11) lator data (1968 and '659) including records using the
shielded collector, whovre attention was drawn to (a) the
deviations from earlier results and (b) the differences between
the ourrent density recorded dy tho tw ocollectors (i.e. I and
Is)

(11%) The mirror imaso effect.

The third topic has already boen fully considered
in Chapter 8 80 that it remains to discuss what conclusions oan be

drawn from tho results averaged over long periofis as deseribed in
Chapter 6,

The general agreement of the wanteé results with
thosze of Chalmers (1956) has boen desoribed in 6,8. togethor with
the inorease of the gradient "a® with the rate of rainfall (figs.
24 and 26), Tho latter iwplios an increase of preoipitation curront
with inorease of mte of rainfall », aﬁ constant potential gradient,




84.

That an increase of r should give an increase of I seems reasonable
but it is not at all olear why no eorresponding inorease should
ocour in F (cee table paragraph 6.8.,) 1.0, why the values of I and
F do not both inorease and stil) comply with the Chalmors formula -
the. (I, F) point simply "moving up® tho straight line,

The value of "a"™ 4id net inerease linearly with r as

in Simpason's equation (1.5) the variation approximating to a aquare

law (sece 6.5) but no sisnificant oconclusion oould be drawn from this,
The values of the interoepts on the F axis for inter~ .

nediate ranges of r glve strong support te tho theory that "C"
repregsents the falr weather potential gradient (ceo 6,8), Lleas
reliance ocan be attached to the results for vory high and vory low
rates since in the former, due to comparitive scareity of results,
occocasional points representing very high I, F va&qgs ocan greétly
effeot the goneral trend, and.in the latter, etféuts sueh as those
desoribed in 8,6 can produce a disturbing influences

The tenfency for what has been called the "paradoiic"”
offeot to aoocur (84/8) may possibly be due to the operation of the
mirrow image effect on several occasions with an appropriate phase
lag. tending to give some points lying on an X/F 1line with a positive,
rather than a negative, gradlent (8,3,) Without more detailed
obgervation of this it 1is diffioult to derive any convinoing
oonolusions agbout this phenomenon,

Results for spow also show good agreement with
Chalmors results (fig.24) so that in general, support is given to
the conolusions dravn by Chalmers (1958) from his results and

¥
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further developed by Chalmers (1959), Briefly these are that in
the nimboe-ptratus cloud, precipitation starting as snow receives a
negative charge with the eorresponaigg'posit;va oharge being left
bohind, as a result of geparation in the oloud, If the enow
subgsequently melts to give rain, a sesond prooess gives pharge
goparation in the opposite direction and of greatey magnitude
glving the familiar positive I and megative F for raim,
9+3s Chopaine by Mol
It is hardly surprising that sleet being a mixture.
of 80114 and liquid procipitation should give results intermediate
‘botweon snow and rain (as seen in figs. 22 and 34) and pgrcﬁoulafly

good correlation botween I and F 4s found even for tho "1989 sleet?
(fig, 34) whore the results were not very numexous, |
There isconsiderable evidence supporting the belief
that charging by melting is the dominant prooess by whieh rain
receives its eleotriccharge, It is reasomable to. suppose that if
eoharge separation occurs close to the ground ghuch ol&ser correlat«
fon will exist between preoipitation current and potential gradient
than when the process takes place higher upe. In the latter case,
taotpra such as turbulant diffuaton. oonwection surrents and
variations of herizontal wind speed with height may destroy much
of the correlation between I and F,

‘ Thiy {f-oharging takes place at the melting level then
where melting oooﬁﬁg elose to the ground as in the case of sleet or
of the"wet sno®" of fig, 23, much sreatef‘confgrmity to linearity
wopxa be expooted and is indeed found, than for days when rain op
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snow was faliing, The sulden change from sleet to snow on the

. 6th January 1968 see 6,6, is to be noted in this respect, The
results of Adkins (1989) taken in, and just below, alouds of the
nimbe»straﬁug type, also support the "oharging by melting® theory,

Also, as mentioned in 6.7 tho results of the Summey
1988 show greater deviationsfrom the Chalmers equation than the
Winter 67«88 data and this can be attributed to the difference in
* the height of the freezing (or melting) level. This tco may be the
cause of the graater-ino&&eneeuaf points in the "pogitive Iv,
positive F" quadrant due to there being a much greater total
positive space oharge above the apparatus because of the greater
height of thio level ( where the positive chafge is given to the
rain), Eﬁrﬁher evidence eould be obtained for this by obtaining
data for the height of the freezing level and comparing with the
redults obtained.

It 1s8 felt that a very o0lose agreement eannot be
dxpected betwsen rosulte of elther different workers or of different
porieds, Gue to the varying oonditions prevailing, .ﬂhleaa.ail
preoipitetion without oxeeption was observed over a particular
poriod ¢he dangaeps of "sampling® and acsuming the samples to be
typleal, may be considepable, The lapgor the muber of results,
of course, the better the sampling will be,

B+4._Conaox Lhe Shielded Colloctor.
The expeoted diffeprences in the current density
recorded by the ehieiﬁeﬁ-qgllsgtor'and‘fhat measured by the oxposed

colleotor have been described in Chapter 4 and detalls of the
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aotual abserved differcnces were sﬁ?eg in 6,9, It 48 now
proposed to dlscuss how the practical resilts dan be accounted for
partioularly in the light of the "Additional Experiments and
Obsarvations® of Chapter 7.

Pirstly the fonic condustion ourrent i, inecluded in
I but not Ig (using the same notation as before) ocannot account
for the diffarence betwsen the two since the value of I « Ig shows
no correlation with the magnitude of the potentlal gradient. 'Thus
any effeot of 14 4o omall compared to other factors influencing
the ‘two quantities. This is well illustrated in figs B4 (oleet '59)
where 14 would be negative all tho time anl oould not possidly
acoount for I being consistently greater than I

With regard to the results of Smiddy (1968) and the
.author on the oharging of drops By,spiaahing a8 desoribed in 7.3.
it can bé coneluded that this moqhahiem does not opsrate exoept
possidbly for the vory highést rates of rainfall recorded and ean
thepefors be disregarded as a cause of the I « Ig difference.

The most likely source of this difference 1i¢s in the
shiolding offogt of the shield itself, resulting in smaller draﬁa
not sontributing to Ig, The drop size determinations (7.2) though
oxtremeiy inadequate in number do indicate that the very emallest
drops cxeéa than 0,05 mm 4iamcter), oan be missed in conditions
of. only slight wind and this can be discussed in torms of the
results of Smith (1955) (sce 4.4.) whieh give Iy > I for positive
Fand I < I for negative Pe

This is in agreement with the results of 649 for
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positive F and all r, and for negative F and high rates of rain-
fall, but not for negative F and low

Alternately i1f it is supposed that negative oharge
dlways predominate on very omall dropa.ae suggested by the drizszle
results of 1959 (6,11 o) then I; will be greater than I for all P
and all v+ This is in agreoment with the observations except for
the very high rates with nogative Pe It 48 signifiocant that in

both Wintor and Sumnmor results the ourrent inoreases, i.0. i move
| positive, as ¥ ineroasens and 4t is known that there 1s a greater
prepondarance of larger drops as tho rate of minfall inecreasss,
(Best 1950).

Thus no explanation has boen put forward which
completely covers all the observaﬁions’and whilst some possibilities
have been rsjected, the problem is still not finally solved, .

98 Suspestions for Furthopr Regeavch. |
(a) Confirmation is roquired of the seasonal differences found

in the Wiater and Summer results, togethor with an attemptoed
correlation with the height of tho freezing lovol,

(b) In order to adapt the apparatus for continusous recording over
longér porieds than has been customary tho problem of insulation
breakdown due to opilder's webs must be overcome., Since no way has
been found of 4isoouraging these oreaturec a webedreakinz device

~oould be conctructed. For instance, the earthed gusrdering
suprounding tho collostor. could be @lowly and condtianudusly rotated
by a cultable moohaniom. It would be necessary to start recording
automatically when the rain commenced or else muoh recording paper
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would be wasted, and 1f very large numbers of results were
asounnulated a more effiolont method of analysing and computing

tho data would be highly desirable,

{c)- Close correlation ﬁith moteorologlical phenomena 1s required;
for instance the examination of precipitation ourrent with the
passage of the warm front of a depression aould be oarried out,

and wind spoed measurements ceuld be af use.

(d) A rofinement and continuation of drop size determination may
yiold conclusive dats regarding the I, Is differences Also it may
be worth whilo to develop a highly effiolent "water Aropper® to aect
as a calibratinz instrument to apply a kmown current to each
oollector in turn.

(e) The Rainfall Recorder (Chapter 3) is rogarded as satisfactory
in doth design and operation but considerable improvement could

be made im materials and more aeccurate oonstruotion,

(£f) In Atmosphoric Electriocity the lack of oontrol over oconditions,
tné poseibility of several unknown’faotors oonﬁribuming
simultaneously to the quantity being measured and the consequent
dirficulty in interpreting results, aiwaya.gxist. and 4t 18
| possible that mod-a groat Geal of further ihro:mation,conoemnins
the nimbosstratus conditions will be obtained €rom hore presipitation
ourrent measurements aﬁ.ground lovol,

| Moaguremonts by alroraft both in the oloud itsele
an@ at various hoights above and below 1t would de highly desirable
and would probably make a greater contributicn towardssolving the
problems of prooipltation olgotriolty,
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