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ABSTRACT .
Investigations of the current from an earth-connected
point 0.002 cm.in diameter, suhported by masts et heights
of 20m, 27m and 34m are descrided. Simulteneous messurements
of the potential gradient at the'ground'to windward of the
point, and wind speed at the point, indicate that the current
can be represented by the equation
I =K(W+C) (F~-n)
where I is the point discharge current in microemps
W the wind speed in metres per second
F the poténtial gradient in volts per metre
M the onset value of the potential gradient
(200 v/m et 20m, 135 v/m at 27m, 100 v/m at 34m)
¢ and K are constants
(C = 4m/s and K = 2.56 x 10-4pa per v/m per m/s at 27m)
The general equation still holds when the potential gradient
is measured 7m below the 34m mast but at 2m below the 20m point
the equation is
I =AW +D) (F-m"°
where A and D are constants
n is dependent on wind speed.
Measuremsnts of point discharge currents down the trunk
of 8 tree indicate that these ere somewhat lower than those

through & single point of corresponding height'in similar




~conditions.

. The results ére compared with those of previous workers
and discrepancies are attiributed to wind speed and wind
direction effects, whilst good egreement is found between
the present findings and the theoretical work of Chalmers
and Mapleson (1955) and Chapmen (1956). A reasssessment of
the Alti-Electrograph results of Simpson and Scrase (1937)
is mede and suggests that the potential gradients measured
by this means immediately beleow thunderclouds ere of the
same order of magnitude as those measured by observers in

gireraft (Gunn 1953).




 The work described in this theais fells into
twe distinet perta. -

' Pirstly, the work undertaken 4t the Science
Lah@ré%ﬁriﬁa ﬂuring'the’periea from Qctober 1652
‘to Anguﬁﬁ 1954, when a 66 £t single pole mest was
useé'to suppért the éischarg;ns point end secondly,
the work carried out st the Durham Colleges
Qbaééve%ary fﬁam geptember 1254 to Hey 19066, when
a triple pole mast extending to 00 ft end later
110 £t was used,

 fhese pericds are trested seperatsly and in
ehrénalegieal order, but the subsidiary probles
of point disclerge from naturel objects, studled
during both the above periods, is reported inm a
'aeparata shepter towsrds the end.
Wherever poséible free use has been made of
diagrams snd photographs in order that lengthy
descriptions of the vsrious pleces of aypsratus

constructed may bve avoided.
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1.
CHAFTER I.

INTRODUGTION.
1. general.

The study of the slestricel properties of the earth's
atmosphore is conveniently confined to the region between
tud squigeﬁea%ial surfaces, the serth end the ionosphere.

The oondentricity of, end the difference in potentisel
botween thase highly condueting surfaces guggesis an analogy
to & sphericel mn&enser; which, having between its plates
the poorly oondusting atmosphere, is therefors lesky.

gleh (1951) estimates this leskags ourrent to be 1,800
emps across the effective atmnsphérie resistence of 200 ohms,
giving a difference in potential between ionosphere end earth
of 960,000 volts snd a potentiel gredient &t the sorth's
surface of sbout 100 volto per metre.

~ sorase (1933) hes shown thet, under the influenee of
this ouprent the earth would lose its net negstive charge im
a few minutes, but as no such loss occours some kind of
charging mechenism must be operative,

The sugeestion made by iidlson (1920) that negative
| cherge might be expscted to errive at the earth im regions
experiencing stormy woeather, was leter confirmed by Wormell
(1927, 1980), schonland (1928) and others, whilst whipple

{1929) ané whipple end Screse (1936) wers able to gshow 8
; B Ry
22 L5 973
quf".mn
CARY




Re
close oorrelation betwaen diurnal veriation of world-wide
thunderstorm astivity end potent:él gradient in unperturbed
conditionss Thia, together with the estimated 3,000 - 6,000
delly thunderstorms and Gish end Weit's (1950) everage value
of eurren% betwesn joncaphere and ﬁhunderélouﬁ top of 0.5
amps per storm, leeves little doubt es to the origin of the
recharging process. |
1.1 progess of Cherge Transfer.

There are four main proeesseg by which charge oen reach

the earthi«
{e) Ionig Conduction: The ccntinucusly cperstive leakege

current. gaused by the motion of fons ip the atmospheric’

- potential gradient.
{b) Point Discher
. but differing from (&) in magnitude end 1its dependence

_Current: A form of condustion currenmt,

on potential gredient. It ocours neturally when ioms,
moving into the locel intensified potentisl gredient
ebout a pointed eénﬁncter, produce fresh ion peirs

by collision. ocurrents through conductors such as
trees and buildinge are of the order of microsmps in
the lerge potenticl gradients associated with thunder-
elouds.

Precipitation Currents: These intermittent currents

(e}

are due to chargss earrs & on rain, hail eand snow



3s
meoving under the influcnce of gravity.
(&) Lightning Currents: Otcasionally elecirioal breske

down between cloud end earth ogours, large quantities
of ¢harge being trensferred, -

In opder that the ¢herge on the esrth should remsin
ponstant, 1t is essentiel that the charge drought down dy
stormy woather processes, point discherge, preeipitetion
and lightuing, should balsnce the falr weather conduotion
current, It wes in attempling to essess the contribution
of these provesses to the balande that the practice of
long term sontimous resording of point discharge current
was ovolved, . o
1,2 Zhe Nature of the Yoint Disgherg

gonsifier sn earihed pointed comductor situsted below

Gm‘l‘ﬂﬂt .

a nogetively charged cloudbases The potentiel gredient,
elreedy meny tinos the falr woelher ¥value &t the ground,
Hill be intensifiecd in the region close %o the rsised point,
0f the ions ﬁaturally‘presant in the alyx, thosze that are
negotively oharged and moving towards the point under the
influence 0? the poteatial gradient ney acquire sufficlent
energy to produce fresh ion pairs by celligion with gas
moleculés. The originel and the negatively cherged of
thess ions in further and repeated collisions propagats

the growth of an lon population im sueh s mennsr that the



4,
térm tavalenche' ia pugcested 2nd applied.

- The point eventuslly receives & burst or pulse of
nogetive ions, & series of whieh constitute the alscharge
current, whilst the positive ions motivated by the potentiasl
gredient, move upwerd from the point.

| Thus in negutive potential gradients this locslised
bxeeg&awn brings negative charge to earth via the pointy
in similer perieds of positive potentisl gradient the earth
receives a positive churge.

1,& Point Disgherge Current end the Dalence of Cherge.
Follewing the redognition by ¥ilson that point éischarge

eurrents mizht play an importsnt pert in the transfer of
charge t¢ esrth, Sormell (1837}, using both microvoltemeter
and dimcherge spperetus, meesured the retio of positive to
negative chargs brought to eerth through en ertifieiel point
6+3m high., By assuming thet trees higher then this would
eolleet similder owyrrents, he was able to estimaté-tho point
discharge ourrent density et Cambridge; afior infering the
densitis s of precipitation, lightaning snd conduetion currents
he drew up &5 'slectrical balance shee! which showed that,
over an gres of «ne sguare kilomatye, 40 coulombs of negative
charge were brought to sarth during one yeer. |
L wormell points cut that these estimstions were approximate,

displeying oither & crude balence or & slight exceas of negaetive



5.
oharge in that area.

In order to avoid the difficulty of interpreting
ourrents through art;fieiai points in terms of natural
points, 3ahonland.seleeted a tree typical of those in the
neighbdérhcad. suppor tad it on insulators, and measured
the ourréntﬂ flowing throagh e galvanometer connected
across the inaulatiéna As well as noting the quantity of
charge transferred, he attempted to reléte the dischsrge
-surrent with the simultaneous potentisl aradient at the
earth's surface. He conelﬁﬂad that sn excess of negative
aﬁarge was brought te eerth by point discharge currenté in
disturbed waatﬁar;‘ Hormell's results showsd that the ratio

of negetive to positive cherge erriving in gimilar periods
| was agnrﬁximataiy two to one. |

Hoasuréemsnis of this ratio were subsequently mads in
#arieue conntries. Whipple end Scrase {1938), Chalmers and
Little (1947), Imselmenn (1938), Allsop (1952), Sterr (1943),
Perry, Webster and Begueley (1942), Ohiplonkar (1940), Yokouti
(1939) end Lutz (1944), all concur that in disturbed weather
over land, sn excess of negative charge is carrisd to earth
by point discharge currents. '

From messurements st Kew, Chelmers (1953) made e .further

essossment of the telectrical balance sheet' concluding that,

ovér lend point discharge currents brought down an excess of
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negative charge which might be ﬁalanced by énvexeeas of
positive charge over the ocsens. WNevertheless, he later
showed that for clouds with e ﬁéflnite rate of separation
of charge the peint discherge current density is only
slightly affected by the netuﬁe of the surface below the
eloud (19523), |

Atiempts to determime this ourrent density belew clouds
ei ther fram'aurrenﬁs through individual points (Schonland
(1928), Chalmers (193€) (1944), Neinhold (1948}) or by other
means {Simpson (1949)) heve produced only epproximate results.
1.4 Point Discharge Current end Potentisl Gradiens.

After compering the point discharge current with the
simultanecus potentisl gradisnt &t the earth's surface,
ghipple and Sﬁfﬂsﬁ yastnlate&-a rélaticnahip of the form

1= AP - W)
‘I is the Qischarge ourrent in micrcémpa.
"} is the potential gradient in volts jer centimetre.
¥ is the value of the potentie}l gredient at the
onset of thé disocharge.
A is e constant.
Ho indication of the goodness of fif of this equaticn is
given although Chelsers (1952b) hes deduced 1t from various
assumptions for points in & rectengular srray.
Hutehingon (1951) achieved similer results to those of



TABLE I.

Ratios of nsgative to peait;ve c¢harge brought to eerth send

velues of 'A" and *M' in the equstion X = A(F = M’} for

various cbserveras.

Observer A ~and M Height | Retlo
Kegative FPositlve
whipple & A = 0,00} A = 0,0008 | 8.4m 1.7
gerase e 88 v/em | M~ 7.8 viem| X
Chiplonkar # A = 0,0008
F A= 0.003 £.4m 3.1
{multiple points) - 3
Hutchinzon 4 = 0.0005 A = 00009 1lm -
~ - ¥edvfom -
Sohonland & = 0+000)8 4 -
Triverry A « 0.000086 A = 0.006088 3.12m -
M~ 24 viem | M~ 515 viem ’ '
wormell 1243m 2.0
Chalmers & ¥ om  1.36
Litcle ‘ -
Immm m 2.8
Allsopp én 2.8
atere 12 v/em 8.5m -
Pﬁm‘y,-.. Hebster 1(3;9!!1 Z.86
& Begueley ' '
Luts 6 v/om im 2.0
Yokoutd 2.1

4 Estimate.
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whipple and Sermse, although he tentatively sugrested that
the initial increess of point discharge current with the
squars of the potential gredient gave way $o a lineer
relationahip Tor higher values of potential gredient,

Confirmation of‘tne squere law equation is also given
by Chiplonker {1940) and Yriberry (1954), but the four values
given by Schonland, like the balloon results of Davis and
gtendring {1647) end the kite gtudies of Rengs (1942) do no
more then sugegest en ineresse of current with incressing
potentisl gradiens. ,

petells of the points used by the various workers are
- gilven in Table I,

More vecently Chalmers snd Mapleson (1958), efter a
theoretical discussion, arrived at the general equation

| rem Lt
whioch ﬁﬁen fitted to the results obtained with & ballcon-
borne point beconmes

I = 04018 W% (Fhfi

where I 1s the current in mieroamps, % the wind speed in
@m/s, F the potentiel gredient in v/m end h the height of
thé point in metres. The power of the potentisl gradient is
s1lightly lower then that found by #hipple end Sorese.

it is interesting to note that chepmen (1955}, using
dimeﬁsienal enalysis, srrived at é fﬁrthér generel equation



8.
relatiug corona ourrent from & point attached to an aireraft
to potential end winGspeed {or aireraft velocity), i.e.

| I = B{FXV/1+ GVV+ HIV/K)
B> pormittivity of fyeec space
¥,6,8 + non-dimensionsl coeffieients
k » the mobility of the ionas
¥V ~ the potsntial of the discherging point relative
to the sircraft akin;
v =~ tho airspeed
1 - some geometrical length
He considered the three cases in turn when two terms
insife the breoket disappesred, ¢.g. in atill eir v = 0
and on equation similar to thet of wWhipple and 3orese 1is
obtained. The derivetion of the formule is theoretical
omismmmymsk but convinecing experimentai results have been
offered, See section 8,3,
1.5 Point pischerge Currents snd the Height of Yoint.

The weristion of the constent 'A' with height of point
1n‘§ab1$ 1.15 rother nebulous; at these heights this is
sxpectedly so for the separetion of these from points of
similaé‘haisht also needs conglderation, Chalmers {(1$58s)
hus glven ressons for supposing that in stesdy conditions
e constant point discherge eurrent density must be maintained

swregeriless of the nsture of the surfece below the charged



O
gloud bese. Deoreesing the height of the discharging points
would eventuslly inoresse the overall potentisl gradient to
& value 8t which the required current dengity would again be
meintained. - Records from individusl points, howsver, would
show & reduction in the constant 'A* (and an increase in M)
with this”daareage of height although little can be gained
in attempting to correlate 'At and 'h' for points of widely
. @iffering locetlions snd exposures.

In the cese of balloon and kite resulis, where the point
is the sole dimcherging agency, the varistion of current with
heightimight’be expected to be ghoun wore it not for the
effects of natural space oherge &s discussed by Chelmers and
¥epleson {19565). In favouring the 7/4 relstionship meniioned
earliér,gthay ere opposed to the linear dependence of eurrent
on height found by Davis end Stanérinso
1.6 ?otnt‘nischar ¢ _Current and wind 3 ed.

The spsce charge, liberated in the environs of the point,

vpiéﬁuqes s reduction in potentiel gradient et the point itself
thus choking off the disoharge whioh recovers only when this
charge has been moved to a distsnoe at which it is ineffective.
This removel is achieved partly by the overall potentisl
gredient and pertly by the wied, It would seem then that the
higher the wind speed the greater the rapldity of 1ts removel
and henoe the greater the resulting pulse frequeney of the
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point discherge current.

lLerge and Pierce (1958) have shown that under certein
copditions these pulses are of constant size end therefore
en incresse in their frequency will be manifest as an
1nereasé in the point discharge current. Thus en increase
in current might be expeeted tO accompsny an incresse in
wind spead even though the undisturbed potential gradient,
mosgured at the ground, may remein oconstent.

Pevis and standring gave evi&enaaot such an increase
with wind gpeed, a .fuctor which wWhipple and Screse hed
earijslr prapaéad ga 8 cause of soatter in their results.
Chelmers and Mapleson found the ¢urrent to be proportional
to the 4 power of the wind speed although their method of
wind speed nmeesurement, Hepleson (1853), wees rather

inacourate.

1.7 Point Disehsrge gurrent and the Number end Separation

of Points. |

The ides of cbtaining the point discharge current density
from the ourrent through & single point end thie estimated
number of like points in & given area, gave rise to a number
efvexparimanta with multiple point dischargers.

currenis through Chiplonkert's (1940) four point
diseharger were about sizty per cent of those through his
" single point in similar conditlons which substentlelly agrees
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With Chalmers end Mapleson's fifty pes cent roduction for
currents through their eight point discherger. On these
grounds the essumption that en ertificial point is equivalent
to & tree of similar height seems therefore invalld.

in coatrest to this the leboratory inmvestigetions of

Xxreislsheimer end Belin (1946) disclosed thet once point-to-
plane ¢orona hed been-estabiiaheﬁ, the c¢urrent was proportionsl
‘tﬂ,the'mnmbar of points; they thersfore had me hesitation
in 'sosling up' the resulis for & geven peint system to
obtain tbé-aa&ibraticn for & thirteen point discharger used
in balloon experiments, Too much waeight must not be given
to these results as the vest aiffsrence in acele snd the
rapid removal of the asscciated space cherge in the laboratory
expariments, generally render such findings inapplicable to
atmospheric phenomenon. N \
1.8 Point Discherge gurrent end Space chérgg,

Under tha influence of the ciroumjacent potential
gradient, ioms of one sign mOvs to the point end form the
point discharge current whilst a spasce charge of the oppositely
charged ions mov es upward fran the point.

che magnitude of this space charge in disturbed westher
15 often considerable; Lutz {1941} obaerved wriocds when €
reversal of potential gradient betwemn point sud ground level

persisted for soveral miautes. Lueder {1943) #nd Hutehiunson



iz,
(1951)‘61£eﬂ this as the agencj fesponsible for the rrequenb
timﬁ d@lﬁya batwaan ehanges of algn of point eurrent and
yotenzial sradxant.
ﬂhe eslculations of DaVis and Standring (1947) showed
that thia sp&ae chergse would bo ampectea to produce e
reduqtion of the potential gradient at the ground equal to

¥ % [1 "("”"“‘B“)J

whafa F is maasured at e distsnce *d' to windward of the
dischareing paint, I1s the eurrent Vv the windspeed and H
the heignt of the point. They assumed that the liberated
space cherge under tho influence of the wind, would give
rige to a horizontel line of oharge stretohing to infinity,
Any other motion or influence on the spece charge was
negleetad. | ,

' whitlook (1‘95‘5) hes indiocated reasons why the reduced
value of '#' deteoted in hie investigetions ere et verience
with the product of the 1deslised assumptions of Davis end
stendring. The abéanee of any such effecte in the work of
chalmers and Meplescn illustretes the need of potentiel
gradient messurements well to windward of the discharging
point.

Whipple and Serase deduced that the spece charge from

the point would elso produce en increase in potential
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gredisnt just below the oloudbese many times that at the
aartb’e surfece, slthough the alti~-electrograph results of
Simpson and Serese (1937), Simpeon end Robinson (1840) end
lster work by Kreielsheimer and Belin {1946) end Chapman
(1853) failed to deteot this inoreese, It has beem shown
by Simpson (1048) that refn snd snow can at times remove
most if not all of this space cherge, although this sporsdio
extraction no more assists in resolving the disorepancy
botween %heerj and expe riment than do the stiempts of
Chalmers (1938) (194¢), Melsn (1962) and Chelmers and
Yopleson {1955).

1.9 laboretory Investigstions of Point Discharge Qurrents,

Barly snvestigations by Warburg (1896) éisocvared a
dege#ﬁenQ& of point-to-plene corona currents on gep geometry
end veltage. Zeleny {(1807) (1908) substantiated these
rin&iaga‘and made a further investigation of the effect of
tﬁemperatura end pressure. {See alsoc Tamm (1801)).

A wider study of the phenomena of point-to-plane corons
hes been made by Loeb (1947) (1848B) and cowworkers. The
effect of variation of gap width, voltage, pressure end
sharpness of point were demonstrated by Trichel (1938} who,
using & cethode ray osoilloscope, found the swrent through
a negative point to be a geries of regulsr pulses., 2=English
(1948) leter extended the study to imglude positive point-to-

N |
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plens corona, .
1%t is interesting to note ﬁh&t Large and Pieree (1983),
uging similer techniques, have shown that this pulsed nature

‘oxists also in etmospheric positive and negative point

discharge ourrents. They showed that' the shape aad frequency

of thes® pulses though subjest to certein fluctustions,

could be reproduced in the laboratory point-to-plene discharges.
It would sesm then that the corona discharge observed in

tha‘labératozy experiments and the etmospherie point diszcherge

currents have e¢erteain commen properties. The exient of this

correspondence is still uncertain.

i.10 Conclusions.
 rrevious investigetors have shown that the etmospheric
Fviaf discharge current is a mgjor tontributor to the
meintenance: of the sarth's negative oherge. Their work also
indicated that this current might be expscted to be
proportional to;-
{e) soms power of the potantiél gradient between one
and two. {The potentisl gradient is meesured at
the ground to windwerd of the discherging point).
(hj gome power of the wind speed between one quarter
and one. : B
{c) some power of the beight of point between one and

one and three-quarters.

| |
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A Poduetion In the current ies expected when multiple points
#re sabstituted for & single poiat but in thies oase the
sepavetion of such polnts slso needs consideratiom. Further
varietions of the ourrent with eir pressure end sharpness |
of the point might slso be expected.

4 degree of correspondence betwesn lsboratory and
atuospherie results has been obtained, i1.e. the pulsed
asturs of %thoe disecherge, but the extent of this similarity
has ﬁaﬁ yet been esteblighed.

The foregoing concluaions, yarticulerly (a}, (d) end
{o} are somswhel vegue, especislly when one considers the
funfswental nature of point discherge currents in numerous
other sxperimsnts. It vas decided, therefore, that s further
ﬁnﬁaghi@aﬁian of tiie subject wes werrenied gnd, in the
intereste of acouracy, that emphesis should be placed on

the elimiunation of es many variables esz was possgible.
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CHAPTER 2.

| B{IE_QBJEQT OF YHE RESEARCH AND THE METHOD OF AVFROACH.
£ 'Q&& Gb jeet. 4

%he object of this investigetion was to determine the
relation between point discharge current and verious
parenetors.,
2.1 Prelininery Considerations,

Ia oprder that no question of the validity of the results
should arise, athospheric renher'ﬁhan laboratory investigations
wore made, 4 single srtifieiel point wae used,_pfimarily
because of its simplicity, but later e system was devised
whoreby currents down a tree trunk could also be measured.

The method of supporting the point was seleeted from
three lechniques used by previous workers:-

" {a) Belloons.
“ (v) “Rites.
(c) Masts.
(a) Balleons, _
A period of e few weeks was spent assisting with
measurensnte teken with e captive belleon to auppgrt

the discharging point (Mapleson 1953), The liaitationsi

on the parameters measured by this method were most

severe, Balloon flights were made only in fine weather

when inveriably small poaiti#a fields existed, 7These
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wore anti-cyclonic periods with wind velooities small,
but large enocugh to cause ugcontrolléble changes in
height of & rolling balloon. The lift of the balloon
determined not only the weight of the appsratus cerried
but algso the maximum operating height becausse of the
weight of the trailing wire end securing ocable.

Point discharge currents under-thase conditions
var;ed from O to +0pe ot heighis up to 200m in positive
potentiel gradients up to 850 v/m.

The method 4id, however, provide for lsrge
verietions in useful height up to 160m end the low
onset velue of the poteontial gradient at the ground
enabled numerous results to be teken in brief flights.

(v)  Eites.

The dissdventege of chenge of height with wind
velocity, restricted weight of apparatus end confinement
of measurement to undisturbed conditions, mentioned in
the provious peragreph, are again epplicable with the
further qualification thaﬁ'light breezes are required
for launching. Kites, on the other hand, have a distinct
eoonomic advantege ower the hydrogen filled belloons.

() Mastes

The mein,ﬁrawbacks-to this method of supporting

the point ere first, the difficulty of eredting a mast

o
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220 v/m for & height of 20m.
140 v/m for a,height of 25&, et this site.

The fair weather potentisl gradient et Durham frequently
exoeeds 200 v/m so thet one could, using & 20m mest, oxpect
sufficiont results over & wide enoggn renge of conditions
for a thorough snelysis to be mede.

It was deolded, therefore, to erect a single pole 65 ft.
mast to support the point. |

Primarily the sim wes to relate point discherge ourrent
with the wind epeed measured close to the point and also
%ith the undisturbed potential gradient st the ground, this
being messured well to windwerd of the discharging point where
the adverse effect of liberated space charge on the potentisl
gredient would dbe n@gliglble. If these results were sufficliently
gseourate, a depsndence of ocurrent on atmospheric pressure end
small veriotions of height would be sought,whilst investigetions
#1th multiple points of varying seperation were also envisaged.
.2 The pite.

A convenient aite for the erection of the mast wes found

in the nearvy gerdens at the junotioﬁ of three pathways some
100 £t: to the East of the recording room, Here the mast
would not hinder existing simospheric messurements es the
prevailing wind was from the West, Guy anchorages could be
mede in eech of the three pethways end the cost of ceble from
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here to the recording room would not be exorbitent. The
mest was 100 £t from the neersst tree which wes 40 £t high,
although sevéral trees in Little ligh Wood, 150 yde. distant,
were about 100 % high.

843 -Zhe Mast,
The mest was mefe in four tubuler stesl sections
(2" internsl diameter) Joined. together with f@r:ules, egeh
Joint strengthened on tﬁe inside by 8 length of 2" diemeter
tubing. It was supported by threo sets of three li"
galvenised wire rope guys connected to the mast at points
¢loge to the ferrules, The mode of erection, using one
geét of guys atiasched to & 20t lifting ber, whilst the other
freely henging guys were used to stea&y the mest, is.clearly
shown in the photograph. . ,Gver a pulley st the top ran a
rops with which the stainlese steel point and other
vapp&raﬁﬁs wes lifted on a subsidiery msst which, when
eorrectly secured, brought the point to a helght of 65 £t
gbove the bese of the mest., BY increaéing the length of this
suhéidiaxy mest, & moderate change of height could be
achieved if desired, |
244 The Foint, | -
Thiz wes made from stainless steel rod 0,15 c,m, in
diemeter, 1.75 om long, tapering to a radius of o,ppg oms
at.the tip. PFig. E‘shows“fhé‘esﬁle conzection end the
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method of sttesching thé peint %o the 3¢ dleweter extension
which also carried the anememsinx.

»Tha leakage»resistanae of the point to eerth wus
chaakaﬁ.perieﬁxeally and sfter each recording a current of
known magnitude was’passed through the point discherge
" gelvenometer for calibrsticn purposes. A serles of shunts
enebled ecurrents up to G0ue to be hendled with easss.

2.5 Messurement of Potential Crediemt.,

The Agrimeter, gescribed elsewhere {Chalmrs 19583),

. gitusted in the enslosure sca® Z0m frem the base of the
point discharge mest, gave continucusly the value of the
esrth's elsotric potential gredient, The owrrent output

' ﬁéﬂ'pﬂﬁ@@& tarcugh & high sensitivity mirror gelvenometer,
the deflection of which was recorded photographioslly. The
meximum sansitivity of the system was 0+83 cm deflection for
a paieﬁti@l gredient of 10¢ v/m. Celibreting volieges were
applied every hour and the colleocting plates were covered

by an esrthed plate every five minuies for helf a minute in
orfer %o ohock the zero potentisl gradient resding. Recordings
wera made vhen the wind wes from the West, when the Agrimster
was to ginﬁmara of the mast enfl therefors unaffectsd by the
spacs charge liberated by the poini itself. The simplicity
of the design coptributed towerds its reliability in both

fine and prolonged sdverse woather.
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2.6 Msesurement of wind speed.

The design of this snemorieter follows oclosely that of
the stundard redicsonde sstcent indicetor in which an
electrienl contect iz clesel for siz revolutions of the
eups and opened for a further tweniy-fours

When closed the contacts switched on & 2.6v .03 watt
~ bulb in the dark xoom which fogged the recording paper. 4s
the gpeed of the camera wes constent, one could obtain the
windspeed Pron the width of this background fogging or, in
high winds, from the number of fogeing 'lines' in a given
time interval.

In view of the local neture of wind gusta, the anemometer
was fixed below eud 8s olose Lo the point es possible; at a
' digtance of two motres its effect on the exposure of the point <
was negligible.

The ansmometer wes calibrated égainst 6 Meteorologieal

sub~gtenderd end ss Pig. 4 shows, its rosponse wes approximately

linear over the range of wind speeds msssureds
D@tailé and vrelevent dimensions are given in the working

. .

drowing Fig. 5.
2:9 Gzigger {ireuit.

In ordor to increase the mumber of results, recourse was
mede to sutomatic recording. 4 beam of light reflected from

the point.éiaoharQQ galvenometer was sllowed to fall on a
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Fig.6. The Schmitt Cirecuit.
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barriexr leyer type photocell, {he outpul from which trigzered
one half er & double tricde 2% the onset¢ of point disoharga.
The reley io this Sohmitt errengement (Willlams 1946) shown
opposite, seitched on gelvemomster lemps, cemsrs, euemometer
lemp and the timipg cireuit, Tho ouset and duration of
such recording wes gstablieheﬂ by éompariaan with a less
senasitive record teken esch nighi in a separsie roem,'peaoe
the wind ﬁié&ction, praszure and other meteorologiesl

oonditions sould be dstermined from other recerds taken at
tae  Observatory.
B8 Timipg gisouit.

' ¢his mechanism, vonstructed by earlier resewrch students,
wes & agriea of roleys operated every half minute by julses
derived frea the slectric clogk. The relays switched off the
galvenometer lzmpz for two seconds every hell minute thus
'g&mviﬁiag a time soale on the recordéing and & convenient
inﬁervai avér waioh té avergge the vaiuas of the wvarious
peramslers, . ' ~ |
2.9 Tho Fleld Mill,

4s recording proceeded it becems spparent that spurious

_apace ohargo, alfecting the potontisl gradient at the
agrimeter and not et the point, wes responsible for
irregulstities which srosc on the gurrent - potentisl

gradient éelationshiy~
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If the distapce betwsen the Agrimeter and point were
degreased this efleot might-b@,reduceé, but in this clossr
positicn the potentiel gradient would now be influenced by
the space charge from the polnt i%aeif‘.

‘Whan the potentisal gredignt.abaut the npoint beconmes
'large=énough for ionisation by celiision $o oecur, ’avalanches!
are formed end ions of ome sign feed into the point. This
loeves behing s space charge which reducos the potential
grafient sbout the poipt to guch en extent thet ionisation
oeasas. A fisld mill soms few fest below the point would be
suseptible to this reduction.

48 suggested in seotion l.6 an ineresse in wind speed
mighﬁ ve expseted to poeduee en incrsase inm polnpt discharge
anxrant end henec a lsrger space charge about the point,

This may not, however, bring sbout a further reduction in
potential gredient et the mill as the removel of space charge
{s zvester with this inorcsasd wind speed.

Thus the effect of wind speed, epperent on the cérrent -
Agrimeter ourves uight net be so pronmounced on the eurrent
£121a mi)) graphs and the neture of these lstier curves might
e altered. Nevertholess, it was decided thet such & position
wedi@ he of value in apite of the inability to callbrate
pbaolutely the mill im this elevated position,

2,30 will ond Amplifier Design.
Intended for use two metres below the point on the

"L
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subsidiory mest, dosired features of the mill were lightness,
coppactness and a miniaum of accompanying oables; 1t would
hava &e.be gatergrmaf end self starting. As ﬁh@ sign of the
pﬂﬁ@mti@l'g?a&i@n& dould sasily be delarmined from the point
- guryent, ns'waferanaa eignsl or phese senpitive device was
required and the design was thus simplified,
gotor and sbtator profiles were of the segment type
(Macky 1937) s distinet from the Melsn snd gSchonlend (1930)
‘ ’sﬁﬁévuﬁﬂ holet pattern which farjzha Zeie stai@r ares would
bz rethsr more bulky.
The first astege of the amplifiér, & cathode follower,
with ite A;G} maine opereted power supply was csrried in the
poms casing ee the mill. Thus oeble reguirements were a
twin T8RS aeble earyying 2507 A.G. for the cathede follewer
power vnit and the shaded pole induction motor driving thé
’mill snd & 'Permencid! coaxiel lime cerrying the output
signel to the amplifier ir the recerding room.
. Thie twe stege emplifier incorporated negative feedbaok,
the smount of which was variable to adjust the gein. The
output from the secend velve was trensfermer fed te o
rectifior in series with @ 20 X resistar. Connected scross
the latter was 3 l0OpT smoothing condenser end a galvenometer
which had @ periodic time of Ltwo soconds. .
the mill in this well éxyaaeﬂ position was too sensitive; |
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potential gredients of 100 v/m et the ground produced
signals of 1.S5v pesk to poek at the grid of the catho_ée
rouower. Seaturation so,oiz cocurred with increessed potential
gradients and & 150pf condenser was comnected between stator
and earth %o reduce the sensitivity. The system was then
capable of measuring pot,sﬁnt;ial‘gradiexits- fron 6 - 10,600 v/m
{et the ground) of either sign.
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CHAPTER 3,
3: PERFORMANGE OF AFPPARATUS.
Once installed the eqnipmant gave little trouble;

ogcesionslly in mist the point insulation would breesk down
and reodrdings hed to be sbsndoned, but inveriably a leakage
resistonce to esrth of over 3 x 10 ohms was mainteined.

The mest itself withstood high winis snd a severe
February gele in which the enemomster recorded gusts of
approximately 70 m.p.h. before two of its ¢ups were cerried
away. These were later replaced altnough the results showed
that the calibretion hed been affected. In calmer weather
the subsidlary mast with epparatus c¢ould be raised end
lowered single-handed elthough in anything stronger then e
gensla'breeze the help of a second person was réqaired 0
control the swinging 12 ft extension end prevent demage to
the apperatus.

Initially the mill on the subsidiary mast wes switohed
op only whan.reqnzred but later it was run continuously when
it was found thet the heet conducted from the motor prevented
dow, fég and mist settling on the collecting pletes and
insulators, In its inverted position 1t funotioned

continucusly for five months in snow, sleet, rain end mist

until recording was termineted., -
Under similer conditions the Agrimeter too wes extremely

-
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relisble; with the zero checks every five minutes, eny
slight drifts were not serious and,.iequiring no amplifier,
the systém‘thaﬁreticelly‘eould not be saturated, The
maximun potentisl gredient recorded by the syétem in this
investigation was 12,000 v/m beneath towering oﬁmnlus_rrom
which no xain appeared to reach the earth..

The first record was taken om lst June 1953 end the
last on 26th Merch 1954 after which the mest, rendered
unsafe after being struck by a tractor, was lowered. No
attenpt wes mads to repelr and rewerect the mast as
arrangements for @ more ambitious project were being mede.
The invéatigation was therefore ¢losed and the results

analysed. | '

3.1 pecording Procedurs. |
whenever the potentisl gradient epproached the onset
valus of 198 v/m, the anemomster and galvenomster lamps,
timing cireuit and camera were switched on. Throughout the
record attempts were made to notse the omset and cessation
of precipitation, but this wes not elways possible, especially
in repidly changing oonditions when atiention hed to be paid
to galvenometer defleotions in order that the correct shunts
and sensitivity of the Agrimeter, Fleld Mill snd Point current
measuring devices could be seledted.
At the end of each reoord when no further point discharge

_ |
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seemed likely, s calibrating potentisl gradienf was applied
to the Agrimeter and l.0pe was pegsed through the point
disoharge galvaﬁmtem Thug deflectiens ¢ould be interpreted
direetly as either volis per metre or micro-amps. |
342 Typicel Records.

gections of some typical records are shown opposite -
Pigs © is part of one of the earlier records when only point
discharge ourrent and potentiel gradisnt were recorded. The
corresponding time is marked on the record st mimute intervals,
three Agrimeter five-minute zeroings are shown. The traces
éra &eﬁieetad in opposite directions in order to avoid over-
1&pp1ng'n both the eurreat end pctentiél gradieant in this
oase are negative, -

After a brief gust at the beginning of the record, the
wind speed falls; thet the anemometer stalls oocasionslly
is shown by the width of the six ravalntign fogging background,
but there is a sherp increase at 3,20 hﬁs, Here the polint
discherge current almost doubles in velua,'although the
pa&ént&ai grediont is generaliy_ﬁeereasing.

Another perilod of very low wind spéed is shown in Fig 10
- @ record tekep during ahewers.of lerge soft snowflakes. The
‘third trsce, that due to the field mill, is unidirectionsl -
from its obvious zerc chénge»GV$r,Paints snd the point

discharsé current trace, the sign of the potentiel gradient

| |
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it records can be easily deduced.

With the onset of point discharge the field mill trace,
hitherto smooth, begins to show fluctuations which immediately
develop to suoh»an extent that the field mill output is almost
reduced to zero, The effect was attributgd.to the presence
near the-mi;l of oharged sunowflakes which, as Simpson has
pointed out, are cepable of removing a 1arg¢r_proport;on of
the libereted space charge than eare raindrops, which produce
only a fine structure on tha field mill traoe._

The third record Fig. 1l was taken during e thunderstorm
ﬁhen only point discharge ourrent and potent;al~gradient at
“the grouiid wefe recordeds. It serves to illustrate the futility
of attempiing accurate measurements of these parameters using

instruments with~such relatively long response times.

3.3 Measurement, - |

‘For eesch half minute pariod, eyerage.values were taken
for point discharge current, wind speed and potential gradient;
thase were tabulated along with the apprppriate time'apd brief
notes regarding the existing meteorologicel conditions.

3.4 gSelection end Summery of Recordings.

During the period lst June~195§ to 26th Merch 1954,
fifty separate recordings were made, having a tatal duration
of 36 hours. Until the lst Jamuary 1954 the parameters

measured were point discharge current, wind speed and ‘
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potential grodient to windward of the discharging point;
after this date the field mill im-ediately below the point
was broaghﬁ into operation, yieléing en gdditicnel zet of
rosdings .

Lot all of the records, however, were suitable for
enalysis; three tsken in thunderstorms were rejected
bacause of the violent fluectuatione of point current end
potential graéiant, Abrupt chsnges in wind direetion,
faulty poinmt insulstion in mist end heavy downpours and the
shedding of anambm@ter-cuﬁs in gusts of 70 m.p.h. were the
prime reesons for the withdrawal of enother eight resords.

on individual records disoriminetion was slso needed
wn@aleurrﬁn$ end potentisl gredient changed sign; inveriably
the time of change-over of the two traces did not coinoide,
aélaya of one minute were not uncomaon, end readings in the
vieinity of the zero poinmt were therefore excluded from the
enalysis. Similarly no ettempt was made to iaclude
mpasurements taken from regioas where current and potentisl
gradient were of Gifferent sign.

" in all, & totel of 26 hrs. 3% mins. vere suitable for
garuﬁxny.-atfording‘a total of 1399 values of all three
pardma%ers,.with values of point aischarga'ourrants up to
2ope, potential gradients up to 4,500 v/m snd wind speeds
up to 88,5 m/s.

e
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845 Qutline of Proceduts.

In attempting b0 solve the general equation
T e ${H.F)

. where I represents point dischaerge current, ¥ wind speed and

r 9atential.grad1euﬁ, it was decided to group togsther those
1 and ¥ veluss oocurrving within & given smsll range of wind
spséd. The funotions releting I and ¥ could then be determined

for a nunber of such ruanges and hence the dependenee of thess

 funetiocns on wind speed could be invesligated.

From the trend of the points on the ourrent - potential
grﬁaign% graphs drewn for eech rengs of wind speed, it was
pogsible to deduce the forms end 1imit the nunber of aéuatzons
to be cousidered in the statistical enelysis.

B+0 ghoice of wind agead_araﬁgg. |
The division of the results inko groups of constent

wind speed begon immedietely the first record wes messured

and vefore the enemometer wss oslibreted. It wes convenient,
therefar o, té use ten revolwutions of the anemometer per helf
pinute period, up to 100 revolutions, es tue width of a
pertioular wind speed groups Beyond this (14.9 m/é)? the
gpargity of the resulte allowsd only two more groups, 1.6
over 100 and over 200 revelutions per half minute, G5telling
gpeed of the snemometer corresponded to 25 reve. pev helf

minute, therefwe, in alli, 8 %ét&i of 10 wind speed groups

I
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units. = In this set 525 points felling into 6 wind speed
renges were availadble for enalysis.
| Both gsets of results had teo few valuss of pogitive

eurrent and potential gredient and & rigid anslysis was only
possible with the negative values. In both oases the
vinﬁination gas that the equations for positive curves were
similsr to the nsgative, exeept for higher ouset values of
potentisl gradient end deoreased slopes of the current

potential gradient curves.
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RESULTS .
'R Varietion of roint Discherge Current with Potential aradient
ot the Cround to Windward of the Point.
The bulk of the reedings, on whish the results of this

‘pection &ré based, lay betwesn 0 -~ Sua (negative) for potential
gredients up to 2,500 v/m whilst the width of each wind epeed
- group wes Gpprozimately 1.25 m/s.
whe-gxepha showing th& variation of ocurrent with potential
gradient for these swmall ranges of éﬁnﬁ speed, of which Fig.l2
ie 6n example, indicated the existengo of a linegr relationship
of the form
Iesllf~H
where M is the velues of the potentiel gredient at which point
discherge commences, 1.6. 195 v/m.
As this wae 8 deperture froem the tgenﬁ of the results of
previous workere end as, in e few cases, the unevenness of
the distribution and the scatter of the points rendered this
simple dependenee questioneble, it wes decided thet rather
tnﬁn the best streight line, the best values of ‘&' end 'n!
in the rallowing equetion should be ealculatad‘
I = a(F » m)
The adoption of this more general eguetion enabled dirsct
sompsrison with the current-field mill results of Seetion 4.2
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TABLE 2. Values of 'n' for Various Wind Speeds.

Wind Speed m/s 3 5.2 6.6 8 i2.2 16.3
Agrimeter 153 0.96 0.92 0.98 1,08 1.03 -
Agrimeter '54 0,98 0.99 l.14 0.94 - 0.92

>
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0.93 |
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and provided 'n' hed values close to unity, ne great error
was introduced provided extrapolation was not sttemplted. As
the &nalyels proceeded, it beceme olesr that the value of
m* was, within the limits of experimentsl error, independent
of wind speed end oould be teken as unity. Table 2 givea the
values of ' in the sbove equation for the ranges of wind
speed considered. _

6.1 The effest of wind Speed.
one of the grephs showing the varistion of the constant

1a* with wind speed, in the equation I = a{F - M)n, suggested
a further lineer reletionship but 8 second graph was ineconclusive.
' However, the best strelght lines through each set of points
was celeulsted and found to be @& « B.8 % 19**(§4-8) for thé
agrimeter 1968 and @ = 5,9 x 10 (¥ +5.8) for the Agrimeter
1654 results. This laiter set wes rejected.
The difference in slope of these Iwo regression lines
was éﬁtkibuﬁea'te the lerge arror in the second and ihe use of
& single eslibration for the snemometer both before and after

two of its cups hed been replaced.

The final equation releting negative point discherge
guprent with wind speed gnd potentiel gradient was
I = 5.8 %10 | (#+2)(F «195)
where I is in microemps, ¥ is in metres per gecond and F is in

volts per metre.
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The fectors influencing the securasy of this equetion are
mentioned in section 4.4; its estimated error was 15-20%. .

4.2 Yarietion of Point Disoharge Current with Potsntial

Gradient Measured Twc yetres below the Point.

Unlike those of the previous section, the graph relating
point discharge current end potentisl gradient for & given
smell renge of wind speed no longer showed s linmeer relation-
ship. Thers wes elso an improvememt in the ocrrelation, es
Fisé;ﬁrehawe, and higher values of point discharge current
worse regorded, L.8, up to lépa.

 Attémpte wers mede to fit the following equations to a

pertiouler set of resdings.

(1) I=6a+bF = a(F~HN)
(2) I=a+brs= alrted)
(8) I=a«+bdF = a(F~u

n
{4) 1= a(F-H

A rapid indication of the geodnesg of fit of the first
three equations wes obtained by compering the cheorved and
the ﬁarious caleulated velues of '#'. These valuees and the

sorresponding equations are shown below. '
MeCalc. N.0bsd.

(8) I = 0.0071LF - 0.52 12.67
(3) I = 0.0004F + 1,08 1meginsry

(4) T = 0,025 (F = 12)
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whiléﬁ‘equaeian (2) egreed quite well with the observed
. velue of 'M' in this ovse, morked deviation cocurred with
other wind speed ranges, so that whan considering the sum
of tha‘rdet mean square deviatioﬁ for equations (2) end
(4) the superiority of the more general equaticn was fslt.
:AB ¥ig.)6 shows, the gelection of results falling in the
wind spesd raﬁga 6 « 8 m/3 was rether unfortunste when @
somparison of the genersl and the 3/2 power equation was
desired. Equation (4) was f£inslly adopted.

443 YVaristion with ¥ind Spesd.
Inspection of the graph, Eig.ls, showing the variation
of §he gonstant 'e’ in equation (4) with wind speed revealed

& linsar incresse vhich persisted even to wind speeds of
350 m/a¢ No indication of 'seturation' wes detected.
A8 'F' was meapured in arbitrery units no quantitative
sompsricon of the value of 'e&' with thet obtasined in the
previous section gould be made, slthough the percentage
inoresse b&tw@en-giveﬂ wind speeds could be cémperea, i.e.
5.2 « 18,3 m/s agrimeter 18 1norsaség
Field Mill 70% increase.
Thus the effect of wind speed on *s! wes less than half in
moving the mill fram the grouvnd to a point 2m below the

diseharging point, ,
7his was not the only wind speed effect im this closer



position; Pig. 16 shows thai the power of 'n' in the
equation I = e{P - mfi also veried with wind speed. iiith
little or ne wind 'n® hed o vélua of vnity but this value
inoressed rspidly with inéreasing wind spocd up to a meximum
o:.lcﬁ et 5.2 m/sa‘ Thereafter 'n' Gecrensed slowly end gave
the {mpression of aAreturn to unity at vory high wind apeeds,
f.€r 131 6t 33.5 m/o.

4.4 Concluscions,

@ﬂ'was,maatiened earlier, the scarcity and relative
“1ng¢ea?acy of theseo resulig was realised and the objlect of
their analveis at thiz stage wes simply to discover general
trends. Detalleg discusslon snd compsrison with the results
of previoug workers is thercfore roserved until a later
Chapter {8), nothiag more then & brief sumcary being stiempted
“at thies juncture,

The gurrent discharged by the earthed point 20m high

aprea's to ipcrease linesrly with both wind speed and |

egeréall potentind grodisnt, being represented by the
eduation
I= (aW + b} (F - M)
e and b ere constants
¥ e« wind speed
F ~ potentiel gredient at the ground
4 ~ onset potentiel gredient,
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When the potentiel gradicnt is meassured imasdistely

beiow the point tho equation is modified %o

. n
I« {aty+dt) (F =)

where tke ratio a'/b' is lesa then ihe previcus a/b

but 'B' is now dependent on wind speed.

The analysis provided & useful gulde for further work

and brought to light methods of incressing the number and

aoscuracy ol the yesullo.

(2]

(v)

ineresss of heifehy of the point. This would hring.

sbout & reduction of the epuet vslue of the potentiel

@vedient (8) resulting inm & grouviér number of yositive
'Valuas of currext in faly weather when conditions

- are reletivsly calm.

figher cemers gpeeds The errors involved in the -

averaging of values over periods of 30 seconds could
be ﬂadreaaeﬁ by shortening those periods to 10 asconds.
4 corresponding increase in ¢smara speed would be
reguired to facilitete msasurement of the paramctors
in this reduced interval;

Genersting type enemometor. Wwith the shortening of

the averaging interval the imtrinsic arror involved
in revolution counting becomes more pronounced,

especielly at low wind speeds, unless individusl

revolutions ere countsd. This latter procedure can
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involve construotions) complicetions which can be
avoided by selecting en electro-magpetic generating
type snemometer. | ‘

(4) <the agrimeter celibretion. whilst the Agrimeter
itself gave relieble service ihe celidreting plate

mochanism occasionelly proved troublesome. Small
chenges in height of the plate gave aprarently
different sensiﬁiviiiea of the machinhe and.led to
the rejection of geveral records. A& better
reproducebility of height would therefore be
required if iis use was to be continued. 4
subsequent chenge of site necessitated a new fleld
mill and this modification was therefore not

attempted.
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BafT ITs
|  CHAPTER B¢
At this stege a reassessment of the whole problem was
mades ‘The finenclel baekiug for the pfogeot had been
conzidersbly inoreased, @ more exposed site end & higher
mest could thus be afforded. |
Investigetions were directsd towsrds the verification
of the wind spsed oud potentiasl grsdient dependence of the
gurrent with s greater accursey than had”previbusly been
abtataé&a A mast of greater height would ensure an ebundance
of results at lower potentisl gradients emd fecilitate the
study of the discharge ourrent pulse size end frequency.
Fotentisl gredient messurements immedietely below the point

vere also continued.

8. The _HKest. -
Following difficulties encountered in serviocing equipment

which wes suspended from the single pole mast, it was decided

' ¢het the next mest would be climbsble. A draeed triple pols

atructure carrying et the top a single pole extension of

verigble length was decided upon. The triple pole portion

originally 70 £t (21.5m) was later increesed to 90 ft {27.6m)
whichyith the single pole fully extended, supported the
point a4t 90 end 110 ft (33.6m) respectively. It was thus
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considerably higher than the surrounding trees. The guy
anchoreges were set in conecrets 35 £t from the central
concretoe. bese.

. The Pfirst 50 £t was erected in one plece in a menner
similar to the single pole maest described esrlier. Beyond
this height, sssembly was completed by the addition of
1ndividual 10 £t lengtha of single pole followsd by oross
brecings and eross bers.

~ advice on lightning protsction was obtained from the
firitish Bleetricity Authority who elso provided a set of
Hegnotis Links to fecilitaete the measurement of the lightning
current smplitude should & discharge to the mest oecur.

The point was thaet used proviously on the 606 ft mast.
5¢1 7The Dite.

The recording instruments were set up in & dsrk room

of the Durhem Colleges Cbservatory, which stends on the brow
of & hill in en exposed position., Downhill, 95m to the Test,
was ¢rected the point &1soharge'maat; in & line with these
end 45 beyond the mast the field mill was set up. Recordings
were ﬂaﬁe only when the wind wes in a Westerly direction. A
general view of the site and mest is shown in Pig. 17. A4part
from e rather better exposure of the point, this location was
relatively froe from the paluﬁion uh1eh<had hendicapped the

prsvi cus work.
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6.2 The Ei@lﬁ ﬁi}lls
Thg field mill desoribed in Part I was used to measure

the potential. gradient et the ground to windward of the point.,
As b@£ere, it wos used in the inverted (weatherpreof) position
anﬁ'fixed 1.7m sboveé the ground. The full sensitivity wes
restorsd by, the removel of the 150 pf shunting condenser
bstween stator and esrth when the emplifier geins required
were 50, 20 and 2.

Again no ettempt at sign discriminetion was mede as
pregseding recoyrés had shown that this infoimation could be
inferred from the sign of the point discherge current.
galibretion of the mill in this position was now possiﬁle
end wes carried out with & stretched wire, lead nitrate fuse

and olectrostatic voltmeter.

whilst giving e ressonable averege of wind speed over
a period of some thirty seconds,. the cup contact amemometer
was not sensitive to individuel gusts of wind, e necessary
attribute when sttempting to sorrelate the sharp rise of
point eurrent with these gusis. AD slectro=magnetic type,
with 8@&n~alumin&mnm oups es before, was construoted..
Alternating currents induced in the fixed coils weroe
rectified with a germenium diode and fed %o & gelvenometer.
The output was in micro-amps and the 1nstrumant'ca11bratéd
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in: s wind tunnel of the Netional Coel Board. 1In eddition, |
the output for &irférent speeds. of revolution of the cups
was obtained thus keeping e cheek on the airEngth of the
rotatlng megnet.

The anemometer wae mounted Zm below the point,

Hed Thﬁ Gemera

The single-speed *Combridge® cemers was discerded and
@ new ingtrument constructed, pepery width was increesed to
240mm{ Ge¢ ins) when several treces could de accomodated
@qmrattagly, 4 verieble speed drive wes erranged giving
paper speeds of 2.5 ~ & em/min when intervsls of two seoonds
{the pericdic time of the gelvanometer) ¢oulé be ﬁateefed
with esse.

a aynehronous motor switche& off the baokgrounﬂ rogging
lamp every ten seconda providing a conveniont time scale on
each record.

6.5 Zhe agg;meter- |
The removal of the field md}l to the ground position

océaainna& the construction of a further potentisl gradient

mpesuring device to be ugsed a fow metres below the point.
The particularly intense potential gradient encountered
at the top of the &5 £t mast (25,900’v/m perpendiculsr to
the mast for potentisl gredients of about 200 v/m at the
ground) indicated that a ‘soeled-down’ sgrimeter iype of ‘

S
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instrument oould be used. The besio aimplicity of such a
machine, oompsct end robust, sssured a supericrity over the
gonventional field mill in this exposed positions

fhe sccompanying disgram shows the essentisl features
of the maohine which wes driven by a 24v D.C. motor at
BOOO T+pele - An oerthed plete was moved over the opening
periodically to give a'zaro poaiéion of the trace but no
eél&bra%i@n-voltaga was applieé in view of the erbitrary
nature_éflth@ output. 7The linaarity of the output was
cheoked for applied fields up to 5,490 yv/m end the
sgrimeter wes moutited on the top of the tripls pole mast
ot a distance of 7m below the point: A further linearity
cheok for the extrema;y high paténtial gradients enmcountered
1nlthis.pqaitiea, was obtained by comparing the Agrimeter
and ﬂ&élﬁ mill gutputs. The ratio of these two was elec of
interest whén apécs charge distortion of the potential
gredietit at the mill was observed.

48 point discharge commenced the output from the
Agrimster aarraspondad’to'that for an srplied potential
_ gradient of 0,000 v/me
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8,6 Yerformence end Procedure.

The 21.8m triple pole mest with single pols extension
to 27,6m was completed in the Spring of 1955. It cerried
the point and the ansmam&ter whilst the field mill, 4Bm to
the west, recorded the poiential gradient.

Recording procedure was similar to that of the previous
sootion end again'brxaf notes mare‘made of mateerolqgieal
eondit;ona,' Fawét resordings were mede in April 1965 and
continued for three months before the results were tabulsted,
.éiviaaa into wind speed groups and enalysed as previously.

4lthough the meximum value of the point discharge
‘current included in the enalysis was 10.5pe with a potential
gredient of 2,100 v/m and wind spsed of 9 m/s this wes not
the'high@at value recorded. On occasions the current verled
between 20 - 30ma but the fleld mill trace indicated potentiel
gradients of 400 = 500 v/m which were clearly too low. This
vast refuction of potentisl gredient ﬁas attributed to the
spacge oharge lidberated by trees, upwind of the mill, which
were themselves discherging. Thus en upper limit to the
ugeful potentisl gredient wes set. |

seversl recordings were mede at this height but es a
graster freqn@nc# of point discharge ourrent was required for
other puirposes, it was decided that & lower onset velue, i.e.

e higher mest, might in same smell way compensate for the
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upper potentiel gradient limitatlen. whilst awaiting
delivery of this extra 6.2m of triple pole mast, the
sgrimeter was constructed.

6:7 Typieel Records.
A seotion of & record of positive point aiseharge

eurrent from the 27m mest 1a shown in Fig. 21« The upper

treoe shows. the current, the middle the potentiel gradient

at thé ground end the lower the wind speed. The zero point

of smch trace is shown. The vertical ﬁn;te lines indlcete

ten second intervels, the whole seotlon covering five minutes.
. 7hie record shows the olose earrexatzon betyesn pesks in

the ourrent end wind sp@ed tyaoes, whilst the general trend

of the formsy follows the potentisld gxadient.

Thé second record shows @ slow chenge from positive to
negative potentisl gradient, (reaﬂihg from right to left) with
the point discharge current trace showing the chargcteristie
'pletéau' beotwsen the onset valuss of the potentiel gradients.
In reproducing the record this time ascale has been inverted,
time therefore increases from right to left es ;naieated at
the bottom of the records The field mill output, being
;adepaaaenx of thaisign of the potentiasl gradient, fells to
a minimum at the mi@=point of this change over, whilst the
Agrimetsy indicates thet this gradual gimultenecus reversal

of potentiel gradient takes place 7m below the mast.
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CHAPTER 6.
RESULTS FROM THE 27m AND 34m MAST.

6., Point Discharge Current and Potential Gradient at

the Ground to Windward of the Point.

As with the results from the 20m mest, divisions were
made into wind speed groups which now corresponded to wind
apeed ranges of approximately 1 m/s width. The graphs
obtained by plotting current agaeinst potentisl gredient,
measured at the ground, were linear in every case having
the form |
| I = E(F_'- M)

M was constent and had a velue of 135 v/m for the 27m and
100 v/m for the 34m masi in negative potentisl gradients.

At the former height negetive potentisel gradients
ocourred more frequently and hence these were used in the
final snalysis. Results with positive potential gradient
indicated @ linear relationship but with a higher velue of
'M* end a lower value of ‘at.,

In the short time that the 34m mast was in operation,
positive end negetive potential gradients were encountered

in equal proportion but the effects of time deleys on

50.

reversals of the potentiel gradient, space charge ete., egain

prevented an accurate comparison of these constants.
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6.1 The Effect of Wind Speed.

The value of the constant 'a' in the equetion
I =28 (F~-HN)
was again found to incresse linearly with wind speed through-
out the range considered (0 - 10 m/s). This gave a final
formula
I =KW+ C) (F«Hn)
.03_-’ .
I=2.56%10 (W+4) (F - 155)
for negative potentiel gradients with the point at 27m.

The scarcity of high wind speed results with the 34m
point msde a complete anslysis impossible but from the few
values of high wind speed obtained, the indication wes that
the constants 'K' end 'C*' had values such thét the finael
equatidn was .

I=4.8x 10"%(W + 6.8) (F - 100) for negative
potential gradients. .
6.2 Variation of Point Discharge Curfent with Potential

gradient Measured by the Agrimeter 7m Below the Point.

Unlike the results reported in section 4.2 where the
potential gradient was measured 2m below the point,uthe
current-=Agrimeter curves for narrow wind speed ranges were
found to be linear. Agein no avsolute value of the potential

- gradient could be given in this elevated position and the
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ourrent wes plotted ageinst the output of the Agrimeter
which had ear;ier been checked for,l;nearity,

Corresponding deflections could, however be plotted
on grephs as in Fig. 25 end the Ag;imeter_readings could
then be conye;ted to giveAthe equivalent potential gradient
at the ground. |

Caution was reéuired as Fig.26 and Fig. 27 indicate.
Here ﬁhe point discharge velues are shown at ten gecond
intervals with arrows indicating the'directionAof the current
change with time. The‘outppt from the Agrimeter 1s shown'
in Fig. 27 and the eorresponding potential gradient,
‘measured at the ground, in Fig. 26, 4

| After rising quite raepidly from 0 - 6. 75pa in under
_two'minutes, deviations began po_oecur in the ground
potential gredient curve which, as the current increased,
could not wholly be attributed to &n 1ncrease in wind speed.
The ourrent then decreaesed linearly to 1. 8na along a line
which wes displacea by 300 v/m from the normal curve which
wes resumed after an interval of two minutes when the
ourrent fell slowly to 2zero.

puring this time the current-Agrimeter graph shows
no such aberrations elthough the effeet of wind speed on
the current was obvious with high potential gredients.

the value of the potential gradient at the onset of this
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phenomenon (l,doo;v/m) suggested that it was due to point
| discharge occuring from trees in the vicinity of the field
mill which experienced a reduction-in potential gredient
due to the liberated space chargéa 'An;indication of the
magnitude Qf.the p6s1tivé space charge necessary to produce
such a shift can be calculated on the assumption that
the space ‘charge density (07) is unlform between the

Agrimeter at 27m and the field nmill at the ground. Thus
d*V

onizi' =0
~ ~12
i ' 2%
. . ) . -} s
= 0.98 x 10 é c[m

01' . - W 20.29 EoSoUo/mo

- 6.9 Effect of Wind Speed. ‘
During the record deseribed above there was 8 slight

change ot‘wind speed whioh is_indiqated on the current- .
Agrimeter graph. by different methods of merking the points.
The few high velues of point discharge current ocouring
with high Wind“speéds tend to give the impression of a
non-lineer dependence of current on potenpiql,gredient.

This is discussed more fully.ip section 8.3«
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G.QYZGQmparisonlwiﬁh'the Results of Section 4.2

- As wéé.manttonéd.in'section 4.2 the point discharge
current varietion with potential gradient measured 2m below
the point could be represented by the equation

1= a(F - M)n
where both ‘'a' and 'n' were dependgpt'on winﬁ speed.. The
resultq,frqﬁ the Agrime;er_reoarding ppten;ial gradient.7m
below the point sgein indicated that 'a' was dependent on
wind speed but thet 'n' was constent and unity. Fig. 28
shows the:relatIVe positions of bq;hAAgrimete;'and field
mill with respect to wind direction and the space charge
liberated from the point. The potential gradient at these
heights. may be regarded as being perpendicular to the mast;
the Agrimeter, by virtue of its distance from, and position
with regard to the liberated space che:gg, is thus less .
sensitive to fluctuations of this charge. The field mill,
however; being down-wind of and much closer to this charge,
would squer a variation of exposure @s the wind speed
altered the aontour of the space charge: volume,

Asguming that . the space charge 1is a uniform horizontal
line charge, phe magnitude and lengtp}of which is dependent
on wind sPeed the value. of the horizontal ‘oomponent AF of

potential gradient et a polnt distance *ht below the

discharging point can be calculated es follows.



55.

b/md -—

As bptvh\_ I and 1'increase li;iear'iy with wind speed E,
the cherge conteined in unit length dx may be regerded as
constant, the horizontal component of the potentiel gradient

at A ls 1
x dx ~

AF +neo (h‘+ 1‘)31

which reduces to :
e || I 1
AF 4ne°{h (t.‘d;)]
F=0when 1l =0 i.es no wind.
F is maximum when 1 =@ i.e. high wind.,
Consider the effect of AF on the current potential
gredient ,:elgtionshipl in this exposed posit“ion. The current

1, from the previous results, increeses lineerly with the

over-all potential gradient F. The potertial gredient
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measured at 'h' will be
Fe ..-_" KF = AF
F =g(F+AF)
end as- . I=saf
' - I® %(F' +AF)
Therefore correlating I and F* and'ignoriﬁg_the contribution
of AP, in order to preserve f;he_ eéualifcyjs‘.%ign the power of
F' and of the constsnt a/K must be incressed with wind speed
as the contributieﬁ due to AF would élso_have been increased.
-Compserison of the predicted 'cu:‘rvfa ror’AF and the
variation of 'n' in the equation I s'a(F*f—AMf\shoWg_tpat

whilst an initlel rapid rise is obvious in both ourves, the

- gradual d‘ecre‘asé of tnt' with wind speed is not predicted by

this simple theory.

As' the dgrimeter did not show emny Suchleffect and as
the correlation betwesn I and F in this elevated position
wes very good, it wes concluded that the point discharge
current gave & relieble indication of the potential gradient
7m dolow the point and hence the over-all potential gradient,

provided wind speed was also recorded.
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6.5 Qther Effects.
(a) Time Delays.

Quite frequently in disturbed conditons a potential
gradient reversal at the ground preceded a current
revérsal by more than a minu;e." This time interval

. was greatl? reduced in the’case of the potentiel
\g:adient mesagured 7m below_the po;nt.

This 13L111ustrated.in the section of a record
shown in Fig; 30 where the:potential‘gradient at the
ground and that 7m below the point precede the current
reversal by 34 seconds end five seconds respectively.

similer periods have alsoc been reporfed_by Lutz
(1941) end Butchinson (19¢51), the explamation of which
was given by -Lueder (1943) by_consideripg the scréening
action of the space charge produced by points in ;hé
region of the potential gradient meagur;ng device. This
charge is such that it reduces the over-gll potential
gradient and a low vaiue of this peremeter is recorded
at the ground. With decrease and reversel of polarity
of the over-all ﬁotential gradient, the ground potential
gradient is reduced and then enhsnced by this space
charge un;il such time as this charge is neutrglisedAor‘

‘dispersed. This previous reduction end ensuing enhance-

ment ié clearly visible on the field mill trace in Fig.30.
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Fig. 31 is a more extreme case of this time delay
where & reversalyof potential gredient between point
and ground has occurred (et 'R', time 4h.9m.40s.) a
positive potentiasl gradient being recdrded with a
maximum of negetive point disqhargé current. The time
interval between reversal of currénp and potential
gradient in this cese being Sﬁhsecs. at the ground and
10 seocs. at 7m below the point.

The cﬁrrgnt at this time (the galvanometer
sensitivity Was.decreased) ﬁas'lo.zpa qorrequpding to
en undisturbed potential gradient of 1,250 v/m._.From
this figure the average velue of the space charge
necessary to produce this chenge in a height of 34m
wes found to be 3.2 x 10 ¢/m’(98 E.S.U./d). This
is of the same order of megnitude as that measured by
Lutz (1944). ‘

These 1nstances‘illuétrate the need of potentiel
gradient measurements as close to the point as is
possible bearing in mind the possible effects of the
gpace chargé from the point itself on the potent;al‘
gradients in these positions, as mentioned in section
6.4, | |

It is aslso obvious from these two records that the

inclusion in the finel analysis of periods close to
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such reversalscan lead to.a“great deal of scatter in
the results. Further, in shorter time delays, this
persistenoe of point discharge current can lead to a
false vﬁlue of "M' and a suggestion of a dependeﬁce
of currept_én a power of potential gradient greater
then one.

The Effect of,ﬁind;Spéed-on .

From recordings maaa'when_the feir weather potgntial
gredient periodically produced point discharge current
fromithe'S&m_mast,.1t.was;foupd~that thélonset value 'M!'
was independent of wind~spéeda

This was to be expected as the effect of wind speed
is felt only when it assists the potential gradient in
removing‘the limiting space charge from the vieinity of

the point. It was therefo:e~necessary that the space

chaerge be established, i.e. point discharge commence
beforé anvaind speed effeet can be noticed and hence
this peremeter would not beAqxpeoted to influence 'M!
Qxcept in so far es the ion.velocity due to wind might

be camparable with the lon mobility in the potential
gradient about the point. The results indicate that this

latter condition was never sgtisfiad.

(¢) Variation of 'M* with Height.

From the onset value 'M' and the height of the point
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the differencé in potential between the point and the
' surrounding sir cen be calculéted? assuming no decrease
of potential gradigﬁt with height.' These values were
3,900v - 20m
3,645v. - 27m
4 3,400v & 34m
A constent value of this voltage at all heights might
have beep expgcted but comparison with thg_balloon'”
:esﬁlts of Mapleson show that the discrepancy is even
greator at greefer heighfsf ‘Mepleson concluded from his
requltg that there was no signif;cant difference between
the statistics involved in taking
M=vV/E® or MeV/AE
where V is a constant and B thp heigh; of the point, and
selected the latter~eqnatiop with a value
Vv = 2,860V ‘ | '
as being correct for heights of 30 - 150m. This was in
close agreement with the velue of 2,880v found by
warburgy (1899) in leboratory measurements to be the
minimum critical voltage for a point of similar diemeter
to his. ‘ o :
_ If one can assume the value of 2,860v given by
Mapieson to be correct, and obtaining & further voltage

from Hutchinson's results-(aiso taken at Durham), the onset
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voltage for.point_dischérge et various heights cen be
‘1llustrated1'($ig. 32);' A further-point on this curve
would be H =00, M = 0.

Here séme ﬁos;tive correlation between H and onset
valtage seems to ex;st;,ﬁutiit,muSt be remembered that
minor variatidns.frOm the -curve will arise as the éharp-
ness of theppotnté'of Mapleson.and Hutchinson differed
from that usedﬁin'thexpresentf1nves§1gation.

. If, as one might have expectéd, the_difference of
onset.potehtial (V) bétﬁeen fheipoinﬁganélits surroundings .
were constant. for. all heigﬁts,'the dégfeage_of V with |
higher points might be only an apparent 6ne, which an
increase in potential grédient with he;ght would account
for. 4s this is contradictory to tpe‘accepted 4% decrease
in the first lom of the atmosphere en alternative
explanation regardipg the possible soreening effect of
the mast was sought.

If the sereening of thq field mill_by the mast
1ncr¢ased'with higher masts,lthen the~output from the
'mill, for e given over-all potentisl gradient, would be
slightly lower. This might have occurred as the m111~
palibration was made with the 34m mast snd thus a slight
divergence between the. results at 27m and 34m might be
expected: the argument may not be extended to the llm,
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20m and 50m results especially the latter, where the
calibration wes made in the absence of the point.

A further explanation may arise from the fact that
the height used in the calculations may not have been
the éffective‘height of the point; this would have been
the case if the equipotential surfaces at each site, in
the absence of the mast, hed not been horizontal.
chalmers and Mapleson (1955) concluded from their
consistently low results at 50m that the effective
height of their point was only 40m..

This, together with the other possible minor

'vériations mentioned, could have accounted for this
apperent decrease of onset potentiel with height.
(d)Comparison of Positive end Negative Point Discherge

Current.

Results from the 20m and 27m mest indicated that
the onset value '™' of the potential gradient for
negative point discharge.was lower than that for positive.
The vélue of the cohstant 'tat' was correspondingly lower
for the positive results. This is in agreement with the
results of Yriberry (1954), partly in agreement with those
of Whipple and Scrase (1936) (for 'a' values) but not
with Hutchinsonts (1951) results. This difference in ‘a’
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with sign of petential gra@ient is generally attributed
to the differgnge in mobi}ity between positive and
| negative 10@5; aithoggh en alternative suggestion is
~ given by Loeb | 1941). |

M‘ He considers the fundamental mechanism of the
discharge and regards the positive ions es being elmost
stat;ongry with rega;djto thg_mobility}pf_the negetive
ions, i.e. electrons. With positive points the electrons
in the front portion of the'*aialanches"are noving
towards thevpoint;anﬁ into '@ potential gradient which is
being contipuausly deoreassed by the positive space cherge
| left behind. . |
| ;with'negative points tﬁe electrons, moving away from

the point, leave behind e positive space charge which
enhances the field close to the point.
| Phus the‘positive space charge inm the reer of the
tavelanche! ineresses the potential gredient between
1tself and the negative electrode (point or cloud base),
while in the weak and declining field aheed of the
ravalanchet the potential gradient to the positfve
-electrode is not enhanqed‘iﬁ equal measure. He copcludes
that where the potential gradient diverges rapidly, the

difference might be significant.
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CHAPTER 7.

POINT DISCHARGE FROM THE TREE AND FROM A POINT IMMEDIATELY

ABOVE A NEIGEBOURING TREE »

7. The Point Mounted 2m above a Tree.

At the commencement of this work there was already in
operation a point attached to but 1nsulatgd from the upper
branches of a iree and projecting 2m beyond the tree top.

(See Fig. 33 opposite). The constructl on of this point was’
similer to that described in section 2.4 and ‘it had been
erected to obtain an indication of point discherge current
magnitudes down trees.

It was decided that further records of current from the
point fogéther with the potential gradient as ﬁeasured by Dr.
Chelmers' Agrimeter,7m from the tree might be of value for
further comperisons, although this work was regarded as
éecondary to the main point discharge investigations being
undertaken. ‘ .

Several such records were taken, although the high onset
value of 1,000 v/m limited recording to disturbed conditions,
when, with thq space charge from trees and buildings close to
Athe Agrimeter, the variation of I with potential gradient
was subject to & great deal of scatte:. As pb recording was
available of wind speed during these peripds,.a further'source .

of error was thus introduced into the results. Howsver, Fig.34,
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based on results teken in & particularly twell-behaved?
period, shows that the point diécharge current was approx- -
imately proportional to F. The onset velue of positive
potential gradient was somewhat higher than the 1,000 v/m
required for negative currents to commence. The indication
, was that‘the presence of the tree in no way altersed the
ocurrent-potentiel gradient :elationship which did not seem
fundamentally different from that obtained with an isolated
single point.

Consequently there seemed little to be gained in
studying this relatively infrequent discharge when results
were resdily available from the mast, where the onset value
;:was approximately 10 per cent of that for the point on the
tree. |

7.1 Point Discharge from Netural Objects.

Previous Work.

Although the greafer portibn of charge transferred to

' earth by point discharge is accomplished by natural points,
surprisingly little work has been done on these ob jects.
sehonland; in en attempt to determine the cherge brought down
by @ colleétioh'of'trees; mounted ‘8 typical tree on insulators,
connected the tree to earth through & recording instrument and
noted the variation of current with potentiel grasdiemt. Four

#alues of current, corresponding to four potentiel gradient
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velues, were given which did mot fall on a square law curve;
The tree may have been typical at the time of felling, but
' 1ts'propertiqs WOuld'have changed rapidly‘and no continuous
"reprqsentativg record throughout the seasons could have
been expected. | -

Method Emp1oyed.

In‘order to obtain.continuous records of the point
.discharge down a tree, it was deolded to fix two conducting
bends, some 5.0om epert, eround the trunk and messure the
current flowing through a low reststance galvanometer
connected between these bands.. '

A lime tree about. 16m high was selected (see Fig. 33),
a number of brass screws were driven through the bark,. 6m
"np'the.trunk,_until they made elaqtrical contact with yhe
outer conducting layer of sapwood.. A copper wire eoldgred
to each‘of these screws formed one output lead whilst &
similar arrangement at the-base of the tree provided the
other. A coaxial lead connected these bands to a galvgnometer
in the recording room.

The resistence of this extefnal circuit was kept‘as low
as possible (63 ohms) in order thet the greater portion of
the point discharge currqnt would flow through the galvanometer.
This proﬁertion, however,,wculd be dependent on trunk resistance

which, in view of its probable vaeriation with season, was
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checked daily with the aid of an alfernating c¢urrent
‘Wheatstone bridge. |

o This veriation, over a perioé of nine ﬁonths, is shown
in Fig. 36. Apart from the annual veristion of resistance
a seemingly sporadiec variation was also noticed which was
later sssocieted with reinfall. It was found that a decrease of
resistence ocourred from 12 - 24 hrs. after reinfall, an effect
 which wes atiributed to the increased dissociation of the
electrolyte (sep etc.) with inorease of dilution. This effect
was most notieeab;e in the Winter months when the sap was
most concentrated. . . 4

As @ subsidiery experiment, & third band was placed at

a further 5.5m above the second bend, when it was possible
to défermine the resistance of the two eéual lengths of
trunk and obtain en indication of the height to which the

water was rising.

Besults.

No accuréte quantitative'resulté have so far been
obtained using the conducting bands, although the records
shown opposite indicate that the method was fessible. The
- general trend of the current trace resembled that of the

potential gradient although several differsnces were

immediately obvious.
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(a) Variations of zero position.

During the recording the zero position of

the current trace seemed to alter. This was obvious

especially With'a reversal of potential gradient
when the familar change-over 'plateau!’ did not appear;
These zero fluctuations were of the order of 10-'pa
and were thus rather large to be aegounted for by
either precipitaetion currentg or changes in.the bound
charge .on the tree during poféntial gradient fluctuations,
i.e. with the tree of area SOmfand a maximum precipitetion
current of ldzyemf current down the trunk - 3 x lo-apa._..
With potential gredient changes of 1,000 v/m in 10 secs.,
current = 2.4 x 10 ja.

No immediate variation of trunk resistance was
found with the onset of heavy rein but a probable
cause of these zero fluctuations could be electrolytic
action between the sap and the brass connecting screws.’
: It was decided to apply & low alternating current to
the. trunk in the hope of removing eny polarisction which
might oceur. So far no results have been obtained

with this alternating current 'biaes' but the work is

being continued.,

(b) Oscillations

0scillations frequently occurred in the current,

\
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: particularly in heavy raip,;which were not apparent
in the potentiasl gredient. There was then no

'correlation-between the potential gradient and
current tzéees, the latter being a series of
oscillations about the zero point whenever the
potential gradient was above the onset value. This
may have been due to the liberated space charge being
carried back to the tree or to further electrolytic
sction which it was hoped might be avoided by the
tbias ' current mentioned above.

comparison of Currents down the Tree YTrunk with those

through the Point Mounted in a Nearby Tree.

From the simulteneous measurement of these two currents
and potential gfadient an approximate comparison between the
efficiencies of the tree and the point cogld be obteined. It
mus t be remembered that the tree was effectively a series of
multiple points, the 'M' values of which would vary with
surrounding foliage and height ebove the ground, etc. and
therefore a linear dependence of current on potential gradient
would not be expected.

Onset of point discharge by the tree occurred in potential
gradients of 600 f,?OO.v/m whilst that of the point in the iree
corresponded to 1,000 v/m. This was not surprising es, 1in this

latter case, the presence of the tree some 2m below the point
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throughftree end point in potgntialigradients of'a,ooo v/m
’ were l.5ma for the tree and 2.5us for the point. wind speed

was not at this time being recordedﬁﬁ;The resistance of the
trunk wgs 3,000 ohms end that of the external circuit 63 ohms;
the me asured value of the current down the trunk was thus
only 2%:low.A

The point above the tree was thus more effective 1in
discharging currents at this high ?alue of potenfial gradient
in spité of its higher onset value. This was compatible
with the findings of Chiplonkar (1940) and Chalmers and
Mapleson (1955) who measured decreased currents with the

" substitution of multiple points for e single point.
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DISCUSSION.

It was not surprising that with the isolation of the
wind'speed end wind direction effect, the point discharge
current should be dependent on a different power of ;hé
potential gradient than had ﬁithérto been maintained. The
elimination of these two variables resulting in a measurement
‘ . of potential gradient undisturbed by_spurioﬁs space charge

~and within a given range of wind speéd;'did much to reduce

seatter. | |

Whipple and Scrase suggested that a certain amount of
scatter found in their results could be attributed to variations
in wind speed but Hutchinson would not admit of this;
Chiplonkar and Yriberry and others made no mention of either
wind speed or direction. Of a totally different nature are
the balloon results of Chalmers end Mapleson who considered

both these factors. .
8.1 comparison with Previous Fixed Point Results.

In attempting to explain the divergepce of the present
results from the I = a(F}- M) formula favoured by whipple
and Serase, Hutchinson, Chiplonkar and Yriberry, it is

necessary to consider

(a) the effect of the difference in height of the points

(b) the effect of wind direction
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(c) the effect of wind speed.
(a)vThe‘DiQference in Height of the Point.

It is doubtful whether the height of the point up %o
say 150m (where Chalmers and Mepleson found errors arising
due to natural spacé charge) will affect the power of the
potential gradient ﬁpon which the point discharge current
is depéndent. The presence of trees, higher or lower than
the discharging point, would serve only to affect 1ts exposure.
The ratio of the potentisl gradient- at the point and at the
ground, . though depending on the surrounding ob jects, would
be none the less ccqstant for values of potential gradient
up’to_fhat at which the surrounding objects themselves give
point discharge. Here a discontinuity in the curren;-potential
gradient curve would be obvious es the records in section 6.2

show, and high values of current would ocour for abnqrmally

_low velues of the potential gradient. Beyond this point

the current potential gradient relationship will bs influenced
by the relative location of point end field mill positioms
with regard to the wind direction as mentioned in section:
(b} below.

This non-dependence of the power of the potentisl
gredient on the height end presence of surrounding trees was
indicated in the results from the 20m mest which wes itself

a few metres higher than the closest trecs (30m upwind) end
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even more so by the results from the point fixed to the top
of the tree (sectiom 7), although in this latter case, the
effect of wind speed was not considered.

(b) jhe‘ggfggp of Wind Direction.

The effect of the liberated space charge from trees
upwing of the field mill mentioned sbove, would be to give
an unexpectedly high value of point discharge current for e
low recorded potential gradient. Effects similar to this
are observed when the space.charge from the mast itself 1s
carried over the field mill. The net effect of disregard
of wind direction would be thus expected to introduce scatter
into the results and possibly to enhance the value of I when
high over-all potential gradients are encountered.

(¢) The Effect of Wind Speed.

Further scatter would result as the foregoing results
ha#e shown when simultaneous measurements of I end wind speed
were not taken. As this factor wes not meesured by previous
workers, it is interesting to speculate its effect on their
resﬁlts in the light of the present equation

I =K(W+C) (F-~-M.
For a wide range of Wiﬁd speed end potential gradient the
velues of point discharge current from a given point will,
according to the above equation,-lie within a cone whose

apex is at the point I = 0, F « Me The distribution of
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points within this region will depend on the wind speed-
potential gradient reletionship which, taken. over a long
period,‘ought to be random. With a limited number of points

hovever, and.-a few high values of wind speed occufing with

high potential gradients, the dependence of I on the second

power of F could easily be suggested. This is noticeable in

the current-Agrimeter graph, Fig. 27 and in Fig. 38, where
the points have been plotted leregardless of wind speed.

' Had this oécurred with previous workers, then the fitting
of the equation I = a(F - M)? to their results ought to give
values of 'n' close to unityﬂ

A statistical analysis of the published results of Whipple
and Scraee'for negative currents and potential gradiente was
therefore undertaken. A logerithmic plot of curreptil against
potential gradient F wes made &nd best value_of 'n' in this
general equation was found to be 1.07 ¥ 0.13, the full
equation being | |
" ©1.07

I.= 0.03506 (F -~ 8.6)
compared with the;originel

I = 0,001 (F* = 1)
where I is in microsmps end F ;p volts per centimetre.

surprisingly encugh the former, by the method of least squares,

was found to be the better fitting equation.
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Similar treatment of the negative helf of Hutchinson's
results ylelded the formula

I-= 09000116'(F - 4)

with.similar units a&s above, which agein, was & better fitting
curve than his, ‘.
I = 04,0005 (F + 4)

The close proximity of 1.67 aﬁd 1.09 to unity sugrests
that, had wind:speed énd direction been teken into consideration
in these casés, a linear relationship between I and F quite
probably would have been detected end that a few values of
high wiﬁd speed coincided with high potential gradients
tending to obscure this relationsh;p.

It is interesting at this point to note that the value
of 'nt' for the whole of the4results of.the current—Agrimgter
(20m mast) readings regardless of wind speed was 0.94 Z 0.1,
although no significent varistion of wind speed with potential
gradient could be detected. A similer snalysis of results
from 27& (Fig. 38) yielded a value n = 1.05 2 0.1 but here
high velues of wind speed and poten;ial gradient did coincide.

8.2 Comperison with Balloon Results.

of ohiefAconcern in this category is the divergence
of the present results from the balloon results of Chalmers

and Mepleson where the equation was

X A
r3 %
I~ XKW (FH)
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The effect of increaesed height will, by the logic of

the preceding section, be incidental in resolving the
differencé of power observed as the maximum potential
gradient they measured was 250 v/m when surrounding objects

. were not discharging. The previous reasoning concerning

the possible enhancement of the power of the potential
gradient by wind speed seems now invalid as this perameter,
together with wind direction was considered in their analysis.

The presence of a charge on the rubber balloon is of

little help in resolving the discrepancy betwecn the wind
speed and potential gradient effects as the following cases
indicate.

(a8) Assume that the baslloon was charged and retained
this charge for a time which wes long compered
with the existing potential gradient changes.

With varying potentiel gradients the presence of
the cherged balloon would bring about a varietion
in the ratio of the potential gradient at the point
to thet at the earth's.surface. This ratio would
vary not only with the potential gradient but also
from day to day with the different charges carried
by the differently shaped belloons. The over-all
effect would be to introduce scatter into the

current-potential gradient curve.
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(b) When the decay of charge wes rapid compared with |
the potential gredient changes, it would be
expected to be proportional to the applied
potential greadient. The configuration of the
equipotentials would thus have been independent
'4of the potential gradient end hence the presence
of the balloon would not be expected to affect .
the power of the current-potentiel gradient curve,
Further sources of scatter discussed by Maplesoﬁ (1953)
-were the rolling of the balloon and hence the rémoval of the
limifing space charge from the region sbout the point end
consequent reduction in height of the point. The conversion
of the results glving his general equation
I= (oW +d) BY(F"- v /6")
where | ¢,d, are constants '
W the wind speed
H the height of the point
F the potential gradient
V,the onset voltage
ne=1.5o0r 2
Pp=15-3 |
to fit the theory of.Chalmers and Mableson must have involved

a further loss of accuracy in view of the absence of an onset
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value in the equation

i &
I =KW (FH)

8.3 Comgurison w1th Theoretical Eqpetions.

Having estab;iehed an emperical equation end having
discussed its apparent diversion from those of other
investigators, it now remeins to compare this equation
with those predicted by theory.

(a) Chalmers' Theory. :

Chalmers (1955) has considered the case of a single
poinp'discharging in calm conditlons in a steady potential
gradient. If this potential gradient is, say positive,
pOSitive ions will move into the point and negative 1ons
will move upwards and outwards along the lines of force.
Potential gradients af the point will'be diminished by this
negative space charge which effectively screens the point.
Considering time intervels which are long compared with the
intervals between individual pulees, he considers the
'quasi-static' state when a belaﬁce is established between
the current from the point and this limiting space charge.
The volume through which these negative ions move he calls
the t'spacs charge volume' in which he assumes there is a
uniform vertical component ef the potentiel gradient through-
out each horizontal section; across these sections, in

steady conditions;,the total current I will be constent and
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equal to the current from the point. |
Applying Gauss' theorem to neighbouring cross sections
of the spece charge volume and integrating throughout the

total volume, Chalmers arrives at the equation

x
2 - 7-- E_I. _ -2;[.
(Xs) (X,8) = o L g dx = W&,v

where X is thé vertical potential gradient and_s the cross
sectionsl asrea at a distance x'above the point. X, &nd s,
have the seme significance at a distance x, above the point
where ionisation by collision is beginning to occur. -
w is the ionic mobility
v is theivolume between the cross sections at x and Koo
Assuming a shape glven by S = kx ¥ for the gpace charge
CI'oss ééction where k and q are constants with respect go

x and that (X, s,) end v, are small compered with Xs end v

it follows that
, -
Xz . 21 X

wké(q + 1)

it

and that the potential V at & distance x from the point is
x :r. x(-"" w),

2

V= jxotx ) [uiozkl(qn) G-4q)

%o

Further assumptions that at a given level the wind velocity

is compersble with the.lonic velocity and that here the
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potentials inside and outside the space charge volume are

equal, yield the final formula

-1 - 3-¢ . %!
CekGrz-a)t Wt W VR
_ B

1

or
1= (mt

where K is a'constant, W'the wind speed, F'the‘potential
~ gradient at the ground, h the height of the point sbove the
ground and q & constant having a velue between 1 and 3.

In phis form I is required to be zero when either
W or F = 0 which is not in egreement with observation.’
However, since in the comparison of potentials inside
and outside the space charge volume the reference points
were taken as the ground and the point X,s,, it seems
reasonable to assume that F might be taken as the velue
of the potential gradient in excess of the onset value if
X, and s, are to represent conditions at the point where
ionisation by coldlision is beginning to occur.,

The inclusion of a similar constant in the wind speed
term might be achieved by supposing thet F and W were not
the only agencies by which ion removel from the space charge

volume was possible, i.e. with W = 0 and F small, removal

by recombination and diffusion processes might be considerable.
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With these inclusions the results of the present
. investigations show.good agreement with this theory where
q has & value of 2, Under these cénditions the non~-
dependence of I on w, the mobility, is indicated, This
suggests that the difference in the value of 'a! (mentioned
in seotion 6,5d) for positive and negative potential
gradients should be aséribed to the mechanism suggested by
Loeb (1941), " '
(b) Chapman's Theory.

0f & somewhai different nature from the theoreticel
considerations of Chelmers is t@e work of Chapmen (1956)
who; using dimensional analysis, determined a relatiomship
between the current I, flowing through a point attached
behind an aireraft, the velocity of the aircraft v and the
differénce in potential V between the aircraft and its
surroundings, He deduced that |

I = €4FkV /1 + GvV + Hlv*/k)
where F, G and H are cons tants
k the mobility

"lvsome dimensional length. '
In lsboratory end atmospheric point discharge, the latter
term, containing no reference to voltage, is not of interest.

From point to plane corona results in his laboratory

he concludes that for a point 0.007cm diameter



I =Av (V=-1,)

| Wheré'Avg l1x 10—" -3 x lq_". depending on the pressure.

v is the ion veloecity.

V is the potential difference between the point and

its surroundings

Vo is the onset potential
i.e. the current is proportional_to the product of the ion
velocity and the point potenpial.

This he concludes is aqﬂi#élent to the kvlyl term
in his equation and that it is wrong to assume that in the
case of an isolated péigf in wind (& further sou:ée of ion
velocity) that the current is proportional to V=,
support for this statement is given by his measurements
of‘point current made in a wind tunnel where, st atmospheric
pressure, & linear dependénce of ;'bn v (wind velocity)
énd V was demonstrated for I = 10 - 90pa, v = 9 - 200 m/s
for V= 5 = 45 Kv.
~ No opportunity has been afforded to study the essumptions

on which Chapman's theory is based alphough the results agree
with Chalmerst' theory for q = 2 as suggested by the results
of the present investigation. It seems from this that the
removal by wind of the limiting space charge is quite as
effective in the direction upwerds from the point as when it

is blowing perpendicular to the mast.
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8.4 Application of the Results to _the Alti-Electrograph

Recordings.

'it ﬁas been shoén'by Wilson (1925) and whipple and
Serase (1936) that point dlscharge current must give rise
to a considerable space charge between the cloud base and
the earth. Whipple and scrase indicated that in typically
disturbed conditions this space charge would give rise to
a potential gradient below the cloud some 35 times that
éxiéting at the earth's surface.

Siﬁpson and Scrase (1937), using a balloon to support
a wire 20m long with & single pqint at the bottom and e
six point discharger at the top, measured the point discharge
current flowing ‘through the system as the balloon moved up
to and through tng éloud. From this current they were able
to meke an estimaﬁé of the potential gradieat at various
heiéhts énd their results suggested that nowhere did the
potential gradient exceed 100 v/cm.

Attempts to reconcile the results of theory and
experiment by considering mechanisms whereby this space
charge can be reﬁoved, have so far been unsatisfactory
as none of thése is sufficient to account for the low values
of potential gradient recorded by the Alti-Electrograph.

The possibility of an incorrect determinaetion of the

potentiel gradient from the value of the point discharge
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current hes been discussed by Chalmers and Mapleson (1955),
using the relationship |
3 %
I - Ka*(Fh)

found from the balloon results, giving a possible value of
190 v/em for the potentisl gradients encountered by the
Alti-Electrograph. A further resssessment of the problem
is given below using the results of the present investigation.

With the few results obtained wheﬁ the Alti-Electrogreph
was close to the ground, Simpson and Scrase (1937) were able
to obtain an approximate valuJ of ta' in their equation
I = aF by comparison with point discharge current through
the 8.4m point where the relationship I = a(Fl - Mz) had
earlier been obtained by whipple and Scrase. It seems
likely then that the F~ dependence was assumed in this
calculation of t*at, _

The re-analysis in section 8.1 has shown that this
equation was not valid snd it suggests that the equation
I = aF would be more suitable.in this connection. With this
lower power of F the value of 'a' (0.03) would need to be
increased say, to 0.06ps/v/cm which is of the same order
of magnitude as 0.058u8/v/cm found from the results with
20m mast in section 4.1. Thus & meximum current of 300pa
would correspond to 5,000 v/em rather than the 100 v/em

at 760mm pressure suggested by Simpson and Scrase.
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Support for this proposed linear dependence of I on I
is given by the~th30petical considerations of Chepman (1956)
who ré-analysed his own balloon results in the light of
his equation |

, I &= AW
and' concluded that the potential grédient encountered by
his balloon corresponded to 2,000 v/om rather than the
200 vém reported earlier.

‘These interpretations of the Alti-Electrograph and
Chapmaﬁ's,results indicate that potential grzdients below
thunderclouds are of the same order of magnitqde és those

measured by observers in aircreft (Gunn 1953).
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8.5 Conclusions. -

investigations of the point discharge current from an
eerth-connected point 0.002 cm in diemeter at heights of
. 20m, 27m and 34m indicate that I is given by the equation
| I ="K(W+C) (F-M
where I is the point discharge current (maximum 15pa)
W is the wind speed (maximum 33 m/s)
F is the potentisl gradient at the ground to
windward. of the discharging point (maximum 4, 500 v/m)
‘M is the onset vélue of the potential gradient
measured at the ground varying,froﬁ 200 v/m at
2om to 100 v/m at 34m and being independent of
wind speed. |
¢ and K are constants.
When the potential gredient was messured 7m below tﬁe 34m
point, equation (1) still held end therefore the effect of
the space charge liberated at the point on thevpotential
gradient was negligible in this case. However, with the
field mill 2m below the 20m point the equation
I=A(W+D) (F-u"
was found to hold.
A and D were constents
n was now dependent on wind speed W.

Discrepancies between these results and the results of
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other workers using fixed points can be shown to be
attributable to the effects of wind speed snd wind direotion
but simular considerations do not resolve the differences
between these and the balloon results of Chalmers and .
Mapleson.’

‘The results are in good agreement with the theory
of Chalmers, the finding of the dimensional anaslysis of
Chepman and his wind tunnel and laboratory messurements
of point discharge.

The application of the present findings to‘the
Alti-Eleqtrograph results of Simpson and Scrase concur
with the conclusions of Chapmen that the potential gradients
measured in and below thunderclouds are consistent with
the values obtained in measursments from aircraft.

' Measurements of point discharge currents down the trunk
of the tree indicated that these were somewhat lower than
those through a single point of similar height but
insufficient results were obtained to find & definite
eorréiekioh between current and potentisl gradient.

8.6 Suggestions for Further WOrk; .

The relative frequency with which point discharge occurs
from the 34m mest will facilitete the study of the pulse
nature of the discharge. This could be carried out in &

menner similer to that employed by Large and Plerce (1955)
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with the addition of simultaneous wind speed measurements.
The potential gradient in this case could probably be
meesured 7m below the mast to avold scatier in the results.
Similar investigations in the laboratory of positive and
negative ‘point to plane corona may prove an interesting
ccmparisén with the atmospheric measurements.
Further work with points of varying separation may
be useful in deciding the effect of wind speed on thé
" eurrent through such arrays although,'when.estimates of
the total point discharge current densit& below clouds
are required, thé.work on trees might be more profitable.
Here & change from brass to platinum for the connections
to the eonducting region of the tree wogld assist in the
eradication of the electrolytic effects. Varietion of
current down the trunk with potential gradient and wind
speed would lead to a more accurate estimation of the part
played by trees‘in the transference of charge to earth and
might also help the research at present being undertaken

to determine this current indirectly.
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