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ABSTRACT

In§estigations of the potential gradient beneath the ion
stream liberated in point discharge in the atmosphere are described.
The electrostatic effects of the dons are analysed theoretically and
the results of simultaneous measurements of the potential gradient on
the upwind and downwind side of an artificial point, wind speed, wind
, directioﬁ and temperature gradient reported.
| It is concluded' that for distances from the base of the point
less than B h times the height of_ the point and excluding conditions of
snow and very heavy rain the electro-static field of the ion stream can
be computed on the assumption that the ions take up an infinite line
distribution, '

These conclusions are then applied to measurements made on a
line of trees at Durham University O‘bservatoxy and around a sycamore
tree at the Durham City Golf course. The results for the line of trees
indicate a change in point discharge characteristic with season; for
the‘ sycamore tree the currept down the tree was found to be less than
1 ma for a potential gradient of + 7,000 V/m. ~ The changes of
chafacteristic with season might be correlated with the appearance of the
" leaves on the trées—. |
| The implications of these results are discussed with
re:f“erence to the assessment of point discharge current density basedon the

equivalence of an artificial point end tree of a similar height.




It is concluded that this equivalence is not in general justified and
that a more comprehensive study of a similar nature is required before
a relisble éstimate of mean poiht discharge current density can be

obtained from measurements with ertificial points.,
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CHAPTER I

INTRODUCTION

1.1, Ge€neral

The study of atmospheric electricity can be conveniently
donfined to that part of the atmosphere lying between two concentric
conducting surfaces, the earth and the ionosphere. There is a
potential difference of -4 x 105 volts between the two surfaces and
the small, but finite conductivity of atmosphere gives rise to an
integrated leakage current of the order of 1800 amps.

Earliest measurements had established the existence of an
almost constant‘negative bound charge on the earth and a positive
charge located somewhere sbove the earth, The realisation by Linss
in 1887 that the finite conductivity of the atmosphere should, but does
not, lead to the raﬁid removal in fine weather of the earth's hound
charge raised one of the fundamental problems of atmospheric electricity.
The object of the present work was to help assess the magnitude and
importanee of corona discharge in the replacement of the earth's bound
charge.

Wilson (1920) was the first to realise the importance of
thunderstorms and highly active shower clouds as the principal mechanism
for the maintenance of the leakage current between the earth and the
ionosphere. The thundercloud is a region of intense electrical
activity and Wilson propounded the theory that there was a continual

flow of positive electric charge to the ionosphere and of negative




electric chargé to the'éarth, the time constants of the two surfaces
‘belng 50 small that charge would be rapldly transferred from disturbed
to undlstufbed regions,

| A strlklng verification of the electrical importance of
thunderstorns came wheﬁ Whipple (1929) and Whipple and Scrase (1936)
from a suggestion by Appleton_(1925) demonstrated the close correlation
existing between the world variation of potential gradient and the
total thunderstorm activity; conclusive evidence of charge moﬁement
~above a thundercloud comes from the work of Gish and Vait (1950) and
Stergis, Rein and Kangas (1957) who measured the current above
thunderstorms and found a mean'positive current upwards of 0.5 amps/
thundercloud (G+ & W.) and 1.3 amps/thundercloud (S.R. & K.). Vith
' an estimated world thunderstorm activity of 5,000 - 3,600 these results

give a total current of the correct order of magnitude.

Charge transfer beneath a Thunderecloud

Charge transfer beneath an active thunder or shower cloud
is more complex than charge movement above the cloud and has three
possible modes.

a) Charge brought'down by precipitation elements.

b) Lightning discharges.

¢) Corona or brush discharge from natural objects

| resulting from the high potential gradients

that exist beneath‘active clouds.,
Several authors have attempted to draw up "charge balance

sheets" for certain limited regions of the earth's surface.




These determine whether, in a given period of time, the three processes
“of charge transfer bring down a sufficient exce‘ss of negative charge

to balance the positive fine weather conduction current over a similar

périod.
The various assessments have been extracted and listed in
Table 1,
_ . 2 _
All charges in Coulombgs/Kn“/year.
Fine
weather Point :
: : ~ con= Dis= Preci= Light-
Place Author duction charge pitation ning Total

Cembridge .Wormell (1930) + 60 =100 +20 = 20 = 40
Cambridge Womeli'(1953a) + 60 -1 +20 =56 - %
Durham Chalmers &

Little (1947) + 60 = 90  + - 35 - 25

Durham Revised + 60 - 18 +40 - 5 - 85
Kew Chalmers (1949) + 35 «|$25 4+ 22 - 45 =113
Kew Revised + 35 - 300 + 22 - 6 - 249

World Wait (1950) +100 = 30 +20 - 20 + 70

All estimates but one indicate a total excess of negativé
charge which the authors consider neutralises the positive excess of
non-stormy régions, €.,8e. polar regions and deserts.

| The greatest variation_s in Table 1 occur in the assessment
of the effect of point discharge; it is relévant to the present work
to examine in more detail the compilation of the corona discharge

contribution,




1.2. Contribution of Point Discharge to Charge Replacement

From electrostatic considerations there must be a
considerable increase in electric field strength close to any raised
earthed point in the atmosphere. In the high potential gradients
that exist beneath active clouds the electrostatic field strength in
the region of the point may be of sufficient magnitude to cause ions
to be accelerated towards the point W undergo ionising collisions,
This ion multiplication produces a separation of charge in the region
of the point, charge of one sign being conducted to earth through the
point and charge of the other sign moving upwards under the influence
of the field.

' Wormell (1927 and 1930) at Cambridge, Whipple and Scrase
(1936) at Kew, Chiplonker (1940) at Coldba, Chalmers and Little (1947)
at Durham all raised artificiel metal points in the atmosphere to
heights of 8 = 12 metres and meésufed the totai charge brought to earth
over considerable periods of time. All results showed an excess of
negative charge to positive charge in the ratio of approximately 2:1.
From the total excess of charge and an estimate of the number of
equifalent points per square kilometer the total charge brought to
earth was computed, It is in this extrapolation from a single
artificial point to the number of similar points pér square kilometre
that the difficulties and variations in the assessments occur,

It is convenient at this point to introduce the concepts
of mean point discharge current density and effective separation of

dischafge points, Wilson conceived the idea of a large number of




points sfreaming ions into.the base of the thﬁndercloud; at a certain
distance abové the ground these ions will unite and give rise to a
continuous current of varying hornzontal dens1ty. It is convenient
E for the purposes of calculation to consider the point dlscharge current
vto be.ofvunlfbrmiden51ty'benea$h the cloud and to have been derived
'i.fram a seriesvof similar points in rectangular array. For a given
'p01nt dlscharge current density the 1att10e spacing, or effective
separatlon, is a measure of the charge transferred by each point,
| Wormell's 1929 estinate of equivalent point density wis
made by countlng the number of trees higher than his point in a known
‘area surrounding the point. In this, however, he ignored smaller
" trees occurring in a dense plé&ation.' His estimate was revised in
f353 to Bring the point discharge current density into agreement with
some indirect determinatiops'ﬁadé by Smith (1950) from lightning
_-discharges," | )
Waif based his estimétes on the results published by
Wormell etc. but considered that there was no point discharge over
' ' the oceans and hence arri?es at a considerably lower point discharge
éurrént contribution,  Chalmers (1952) has advanced arguments which
..prove that the total point discharge current beneath thunderstorm is
independant of the number and height of discharging points and one
wuuld therefore expect corona dischérge even over the oceans, and this .
woula considerably affect Wait's balance of charge calculation,

Direct determination of the effective density of points



by ceounting trées- must be regarded with suspicion as it now seems
' 'im'probable thati%rbificial point in the atmosphere has the same
dischar@ng efficiency as a tree of similar height and exposure.
Chiplomca'r (1940) and Chalmers and Mepleson (1955) obtained smaller
currents when a2 multiple array .repla,ced the single point discharger,
indicating that there is considerable interference between adjacent
discﬁé.rggd.ng péifx’és.
| _ - Indirect determinetion of the effective separation of
: d:.scharg:mg points have been maede by Simpson (1949) for Kew, Chalmers
(1951) for Durhem and Smith (1948) for Cambridge.,  Simpson attributed
" the asynptotic maximum sttained by rain current in heavy rain to the
complete sweeping out the upward moving point discharge ions, and
calculated that the effective separation of points required to produce
' such a current was a.ppro:dmafely 22m, Chalmers performed a more
detailed examination of rain currents and obtained values for the
effective separation 14.5m for Kew end 6.1n for Durham.

Chalmers (1953) has obtained a further value of 11m for
Kew by assuming a simple dipole form for the thundercloud and then
calculating the point separation required to produce a total point
discharge current of 0,5 amps per thundercloud,

These estimates of the effective separation of points
may Asuffer from oversimplification m that one process is assumed
t0 be predominant on each occasion. All disturbed weather phenomena
are éxtremely cdmplex and estimates based on them need corroborating

evidence from direct measurements on natursl objects before the results



o\ém be accepted‘ ss moré than indications oflthe ‘order of magnitude
expected. |
Schonland ( 1928) in South Af‘nca, circunvented the difficulties
B of wo_rkmg with art_:;fn.cal points by mounting a small tree, characteristic
‘of the T_r‘xe'ighbourhood , on insulators .fax.xd .measm:'ing the flow of charge to
» garth. VHis results gave a maximum pointlldischarge current density of
0,16 amps/} n’ under the centre of aln. aé'tive cloud, which is considerably
' hi‘ghérf”than the 0M8 amPS/m? obtained st Cambridge and the 0,02 amps/m2
at Kew." .
.' . Inspection of the published photograph suggests that the tree
-used by'vS-chonland was more exposéd, and consequently a more efficient
fdischArgiﬁg element than the average tree in the neighbourhood. This
mlght well account. for the dlfference between the English and South

Afr:r.oan re sults.

1.3. Point Dischargé C'u'rrent‘ Density a.nd Pxecipitation Blectricity.
~ Apart from the fundamental piblen of the replacement of the
eé'rth' s bound ckﬁrgé az. knowledge',-of the point discharge current density |
is'-of vital importance in the intefpretation of the charge carried to
earth by prec:.pltatlon. |
Under certain oondltlons precipitation is thought to build
ué oha.rge by a process postulated by Wilson in 1921 and.exam:med
-’ theoretically by Vhipple and Chalmers in 1944, In the Wilson process,
as a result of their movement ‘through an electnystatic field the
' 'pzjec;pitating elements ax;e able to sweep the small ions in the

atmosphere : the sigﬁ and magnitude of the{resultant charge depends



on the ion d_enéity, field strength, fall velosity and drop sibze.

- Simpson (1949), Hutchinson and Chelmers (1952) and Smith
(1957) bave shown that for potential gradients grester than' 12,000V/m
a definite correlation eﬁsts between the total rain current and the
‘corozlma §urren’a thrquéh a single artificial point. The observed
fotenti.al graedients -at the point are, however, t00 small by an order of
magnitude to obtain any agreement with the predictions of'Wipple and
Chalmers (1 9&4). Cbnsequent]y to explain the charge on rain by the
~ Wilson process it is necessary to assume a congiderable increase of
potential gradient with height.. _ It is thought that the point
discharge currents create a space change blanket beneath the precipitating
4 cloud which prevents apparatus at the ground from measuring the electric
' field at the base of the cloud.

The only measurements that have been made of the variation

of potential gradient with height below a thundercloud are the alti-
i electrograph measurement of Simpson and Scrase (1937) and Simpson and
_ Robinson (1940) and the radio-sondé%ueasurements of Kreielsheimer and
Belin (1946) and Chapmen (1957). A1l flights indicated little
veriation of field with height and the maximum field recorded by
C}}apme.n was little over 21,000 V/m, . It is very difficult to reconcile
these results to the concept of ‘a. high point discharge current density.
| _Thoﬁgh the absolute value of the field might be in error, relative
changes in field should ha,vé detécted if they existed in the flight path.

~ Chapman (1956) has since revised h:n.s own results on theorect-
 iecal grounds and obtained values for the potent:.a.l gradient in the middle

and upper parts of the cloud comparable to those obtained by Gunn (19148)




Gradient.

in an aeroplane, Af the same time Chapman recalculated the published
values ‘vof“Simpson and Robinson, but. it is diffioult to see how the
6orrectlions can apply to theée results because at Kew the Balloon was’
Qalii)rgted at the ground before being allowed to ascend into the cloud.
The matter is further confused by consideration of the
potential gradient changes associated with close light.ning flashes.
Ir;{fmajorit.:y of cloud to ground discharges the potential gradient
changeé ﬁom:small negative to a very large positive value; which
can be ihte;rpret%ed as the removal of the negative charge in the
base of the cloud leaving a space charge blanket of opposite sign,
Cdnsidei'able point discharge currents coﬁld be the only possible means

of creating andmaintaining this space charge blanket against the

'neutralising effect of the base of the cloud,

1.k ‘Dependence of Point Discharge Current on Wind Speed and Potential

o

Wilson's original paper aroused much interest in the
behaviour of a single elevated earthed point in the atmosphere under
enhanced field conditions and the dependenée of the corsna current on

the value of potential gradient and wind velééity close 'to the point.

' Vhipple and Scrase (1936), Chiplonkar (1940), Hutchinson
(1950) aﬁd Yriberry (1954) fitted their results to an expression of
the form, ° ) '

I=A ('i?E M ?) |
| There I is the point diséharge current in micro-amps, F the

- value of the potential gradient at the earth's sui"face and M & A are

constants, This relationship has been examined theoretically by
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Chalmers (1952) and derived for points in rectangular array.
‘When wind speed is taken into consideratn.on the above

.rclat':ionship is modified but the exact form seems dependent on the

~ method of' observat:.on. |

Chalmers and Mapleson (1955) used a tethered balloon

. a.naobta,med-" ‘. ' | o

: "I < 0.015% (¥) 7% where W is the wind speed in w/sec,

»V h ‘che height of the balloon in metres and I & F as before,

‘ Hore recently Klrkman (1956) Working on a single

: f eleva'ted polnt found -

I=K (W + C) (F M) where K, C and M are constants.

. Chapman (1956) has suggested on theoretical grounds, that the

| ‘relatn.onshz.p between potentlal gradient wind speed and point - dis-

_charge should be of the form -

| A (V = Vo)v, where V is the potential of the point,

. ‘v is the compounded velocz.ty of removal of ions from the neighbourhood

of the ‘point., | | |
‘Large and Pierce (1957) have verified the Chapman

formila for high potentials applied to a point in the free air, and

morc recently Chalmers (to be ‘pubiished) has re-analysed the results

of Ma.pleson and Kirkman and found tha.t with a suif;able choice of

| constants, a relat:.onsh:.p of the Chapman form is an equally good

. representatlon of the expemmental points. -

In common with Large and Pierce, Chalmers expressed the

relationship in the form -
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.'I =A (V- Vo)(W2 + 02 Vz)% where the term (W2 + c? VZ)%
is the vector sum of the wind and ionic veloc:.t:.es. The constants
.A, go and 02 are most pmbably a f'unction of the point shape, height

' ~and exposure fgctor. 4 . ‘

Laboratory expeﬁmeﬁbs on corona discharge have to be
transposed to atmospheric conditions with great care as boundary
condit_iogs grea.tly influence the form and progress of the discharge.
bLa.rge and Pierce have demons trated“some interesting similarities in
the pulséd nature of 1a‘boratbry poiht-to-plape discharge and discharge

’ form an elevated single point in the atmosphere, it must be very
- aoubtml whether this Similaritjf still exists when the multiple point

discharge from a tree is considered.

1.5, Conclusion

The importance of thé thunderstorm in the circulation of
.charge between the earth and the ionsphere has been conclusively
established., - The exact pfocesses involved, particularly below
" clouds » are not completely understood.
v.| |  The only published direct evidence of the magnitude of
point discharge from natural objects is the work of Schonland (1928)
in South Afr'ica; end the results he obtained are considerably larger
than the best estimates for this country,  The significance of this
‘difference will be unknown until more reliable information is available
on the exacf correspondenbe betwéen corona discharge from a single
_ , point and from a tree. | Such ‘measurements would be qf‘ particular

. . _ ,
value of made in areas where the point to tree extrapolation had already
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- been attempted.
| Considersble evndence ex:sts on the nature of corona
f:cufrent down a SLngle artlflclal point and its dependence on the value
iof the potent1a1 gradlent and wind speed in the region of the point,
"‘no 81m11ar results ex1st for corons dlscharge from a natural obaect.
© The accurate _nterprefatlon of the origin of the charge
“on rain fronm electrically active clouds depends on a knowledge of the
'point'discharge cuﬁrent density_beneath the precipitating cloud,
Wlthout more conclusive measurements of the p01nt discharge current

den31ty lt is not p0331b1e to declde whether the VWilson process can

; , account for the total charge on raln.

The long standing problem of the correct interpretation of
the potentwal gradient changes with height beneath thunderelouds and
.hlghly acteve showerclouds, as 1ndlcated by the alti-electrograph work
. of Simpson et al., may also be furthered by a re—assessment of point
discharge current'éehsity. o

| ‘These prdblems'wefe'ccnsidered to be of sufficient importance
to meiit-research into a possible method for investigeting the behaviour

and magn;tude of point discharge currents down trees w1thout interfering

;"with the tree in any’ way.
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- CHAPTER 2

ANALYSTS -OF PROBLEM

2.1.:0bject of Research

The object of the present investigation was to‘examiﬁe

favﬁethod for measuring the corona dischérge current down natural
dbjects, and having done so to apply the method to single trees an@
small clumpé of trées.‘ g

2.2.~Naturevof Point Discharge

| Consider the behaviour of an isolated earthed point in &
high, negative potential gradient.  In the high electric field rogion
close to the point negative small ions may be accelerated towards the
poiﬁt with suf'ficient energy to make'ionising collisions. Each
negative ion initiates an electron avalanche and a burst of negative
charge is received by the point. The remaining positive ions accumulate
and in time may decrease the field at the point. sufficiently to stop the
discharge; the discharge remains cut-off until the positive ion cloud
"-is no longer able to influence greatly the field at the point, The
'résulfant discharée, is therefore, a series of regular pulses.

| The discharge in positive potential gfadients progresses in

.. & menner which Cap again result in regular pulsés, The discharge is

| initiated by a randotm‘pos.itive ion moving towards the point releasing
‘é secondary ¢lectron from the point, which then gives, by the avalanche
prooesé, a dense cloud of positive ions. This space charge cloud

 further reduces the field at its outer periPieang tne electrons lose

énergy rapidly and form negative ions by attachment.  The positive ions
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| then move into the point and give “a.. burst of positive current, The
removal of the ﬁositive ions rc-establishes the electric field and the
process is repeated. |
‘ Both types of pulse are characteristic of space charge

. limited discharges and the f'reqqency of the pulses is a function of

the rate of rembvel of the limiting ion cloud by the wind and electric

field, The fypes of discharge described are ideal as usually

im@Mties are intm&uccd at high and low and electric ficlds and

by the wandering of the exact point of discharge to different regions
_of the poinf. _

The two possiﬁle methods for an indirect mesasurement of the
corons current to earth ave immediately suggested,
(a)  The point to ground #6 connection could be made the
| prinary of a transformer and an effort made to detect

the pulses and measure their frequency.

()  The reduction of the potential gradient by the ions
| liberated in the discherge could be measured end

correlated with the point discharge current.

Preliminary measurements had already been made in Durhem
of the difference in the potential gradient on opposite sides of a diss
charginé point ond indicated the practability of method b, It was
therefore decided to mééxsure the potential gradient on the upwind and
dovnwind sides of a single elevated’ point in the atmosphere and endeavour
to correlate the measured currer;t to earth from the point with the
‘differences in potential gradient cbserved.




Point
Curreat L h

He

N ICH Movement of lons from the Point.
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. If the investigat:.on revealed a definite physical

o relationsh:.p between the reduction of the potent:n.al gradient and the
.corona current it was hoped to ma.ke potentlal gradient measurements
on the ‘upwind and downwind s::.des of a tree and thereby derive the

‘corona. current down the tree.

.2.. §.l Relation betweeh Potential Graﬁient' and Tons Liberafed in

Corona *Discharge ’ |
' ' The space charge liberated m the corona discharge at a
single point moves awsy from the po'int under the influence of both
‘ _ the-wihd and potential gradient.- The mobil:Lty of small ions in the
amOSphere is of the order of‘ 1 crq/sec/v/cm~ under the most dlsturbed
-atmospheric conditions the potent:l.a.l grad:a.ent rarely exceeds 150 v/cm,
consequently wind is the controll:t.ng factor in all but the enhanced
f':.eld regions very close to the po:n.nt.

‘ The ions are 'blown away ﬁ'om the point and move downwind
in a gradually dlffuslng strean form:.ng a cone of charge (Fig.1) the
axis of which is inclined away from the eax-t;h':e?mgle.

g = :‘tzan-1 %X_ where V is the mobility of the ions,
X thé potential gradient and V the wind velécity. The angle f is
small for all but very high poten{;ial gradiehts and small wind
. .velocities. | o
Davis end Standmg (%) caleulated the potential gradient
d::.rectly beneath an :L_nfinite l:.ne of charge moving horizontally in a
wind of veloci'ty'v metres/sec from a point a:b a height h metres giving
: f-c‘:ur"rent i micro~-amps (Fié.'l). At 0, a distanced metrés from the base

of the point, they calculated the potential gradient due to the ion
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stream to be.

Ev/m = ' _ i g 1 + d
| 2Weéo o V n (a2 +h?)'«'15§
| Mapleson (1952) a.nd Whiflock and Chalmers (1956) examined
their results in the light of thiél' expression and found the reduction
of the potential gradient due to thé presencer of -the c:rona 'discharge
ions to differ by a factor of a & to a 1/5. In the light of these
results it was decided to re-examihe the treatment of Davis and Standring
in an effort to drive a more exact relationship.
| As a consequence of‘ the analysis and subsequent measurement
which confirmed the conclusions of the analysis, the results of Whitlock
and Chalmers and Mapleson were fe-aha.lysed and it was found that
Whrblock end Chalmers and Mapleson had made an error of a factor of 2
in the formula. they had used, and the remalm.ng discrepancy lay in the

experimental technique.

2.4.o Removal of Ions bzi Recombination

At first sight the recombination of ions with those of an
opposite sign would seem to play an importan& part in reducing the
effect of the ion stream on the potential gradient beneath, ‘but further
cons:a.deratlon shows that this is not S0, If there are n, positive
ions and n, negative ions in unit volume and then N negative ions are
'invvtroduced by point discharge, no matter how, or at what rate,
recomﬁinations occurs there will be an excess of N + n, = n,. negative
ions » and it is this excess of ions which is réSponsible for the

reduction in potential gradient since the motion of the ions is almost
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: entirély governed by the wind; the change in mobility when small ions

become a‘l_;tache‘d t0 uncharged nuclei is unimporta.nt.

2.2. Effect of Changes in Wind Direction

If the wind does not 1ie in the direct:.on along whlch d
. 1s measured but is at some angle 9_— to it then a reduction in the
vex;tical potential gra.dienu &ue toi ul;xe ion stréaml must be anticipated.,
- If the charge stream is diff‘uéed- :mto a cone of charge in 6 would
have less effect than if the line distribution had been maintained.
The following analys-is';is based on an infinite line of
charge and i'f;s .results will theréfofe predict 'the maximum dependence
on wind direction; Any expemmenual procedure developed:-as & result
: of the analysis should therefore be more tha.n adequate for the d:n.ff‘use
cone that is nomally assumed by the ion cloud,
The dovnwind potent:.al \gradlent resulting from a line of
charge'inclined at an angle & tu the line along which d is measured is

given by:=-

| in 21+ .r_.e;
20€o vV (r°+ " sin" 6 ( | (12, 2%

This expression has been plotted in Fig.2 for h equal
'tu 3% metres and for & seri‘es‘, ‘of values of de
 Potential gradient measurements with field mills cannot be
made to an a,écurg,cy greater than 5% so0 that, for the maximum value of
: .d plotted in 'Fig 2, if the neasurements are restric;bed to values of
6 less .tha.n ;100 errors wi;l.l not b'é introduced greater %han those
inherent in the Iappé.fatus. - For vaiues of d ‘less théu the maximum

‘considerably greater velues of 6. could be permitted.
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2}6; Wash Out of Ions by Precipitation
_'. For rain to remove more than a negligible proportion of
~ ions in the ion strean the initial charge on the rain must be of
opposite sign to that of ions liberated in the discharge. It is
only in very heavy rain that this condition is likely to arise
(Smith 1951 )"-.'_
The effect of rein can be estimated if the drops ;:2
assuméd to éollect charge by the Wilson process. - From Whipple
“and Chelmers (1944) the finaicharg"e Q, on a drop of initial charge
Q1, af'ter fallingvtbrough & volume of charge of opposite sign is given
. .5y | _
. . -& N -
Q, = Q ez with « = 4w e W,
U
whére e is the eléctronic'charge, Wé the ion mobility U the fall
velocity of the drop and N the total mumber of ions in the path area
of 1 sq.cm. |
 Tor drops with a terminal velocity-of 7 m/sec falling through
tﬂe space charge volume created by a corona discharge of one micro-amp
in a wind of 10 m/sec. « N is equal to 24,  Therefore all the
original charge on the réin drop will be neutralised and the drops will
leave the volume with a charge of f' :
-(2X a%fem ‘ . f . .
| 2;:—;6—-0‘ where X is thepotentiel gradient in V/m and
e=radius of the drop (Whipple and Chalmers), This charge is
ﬁegi%gilé in'the’potential gradienté under considepation compared

with the observed values of Q1.
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. . The possible effects of heavy rain can now be evaluated.
| =10

Consider a rain current of 10 amps/mz falling é;hrough the space
_ chatge‘ liberated by a uniform discharge of 1 e :|.n a wind of velocity
10/n/ seé. If the ion stream is taken to be 1 metre wide then the ion
density will be 10~ ¢/n? and rein will remove sz part of the spsce
| charge per metre. Thﬁs ; providing measurements are restricted to
_ the ﬁ.rst 4-200 metres of the ion streem and the rain current does not
exceed 102 ame/mZ , rain AshAould not alter the potential gradient beneath
the ion stream. This upper limit for rain current is only normally
exceeded in the centre of heavy étorms when recording becomes
~ impossible owing to rapid variations of potential gradient.

If results that can be é.ttributed to the wash out of ions
by rein are obtaiziea within these limits, the final charge on the
' drbps must be ‘considerably in excess of that predicted by Whipple and

®

Chalmers.

2.7. Diffusion of Ions from Idealised Line Flow

" Excluding conditions of extreme inversion, all flow in the
atmosphere cen be considered to be turbulent and therefore all suspended
natter will be subject to turbulent diffusion,  This will cause the
ions ,émittedih'pbint discharge to diffuse awey from the ideal line flow,
the degree of diffusion being determined by the e:?.sthg micro-
meteorological conditions., The motion of the ions must be very
' similar to that of smoke emitted from & tall chimney andféqua.tion
derived for the volume distribution of smoke in the plume cén be applied

to find the distribution of ions in the ion stream from a raised point
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ﬁﬂderéoing corona 'c'iischarge. ‘
|  Sutton (1947), working .f':oni a statistical theory of turbulent
diffusion, reached an approximate solution for the volume distribution
of smoke emitte&}f‘rom,a point source at ground level.
For a point sou:c"ceb at & =y = 5‘ = 0 producing Q gms/sec

and allowing for reflection in the'plane z = 0 be obtained.

X (%,y,2,) = concentration = - 29 exp - 1 = + y2
| v Cy Cz Vx2=n 2 Ec'é; 2z g

| Where V is the wind velocity and Cx and Cy are virtual
diffusion coefficients which deper_ld on the kinemetic viscosity of the
air, the eddy velocities in the .‘ directions x and ¥y end the parameter n.
The quantity n is a pure nmumber between E)T :g.nd is related to the
diffusing power of the turbuience. An indication of the magnitudes
of C&, Cz and n can be obtained from the temperature grg.dient at the
time of diffu'sion. Sutton's expression can be extended to an elevated
source andgimplified if the reflectio‘ns due to wind structure at the .
'pla.ne z = = h, where h is the height of the source, are ignored. This
is jﬁstified as the apparatus used measured the vertical component of
electric field at the ground and the reflected components will not
reach a sufficient height to influence the vertical field at the mills
before they are out of the gensitive range of the mills,

For a source at the point x =y = 0 3z = =h the distribution

becomes
: mCy Cz %D ‘X-P ;2_:.11 § -‘éyz + ( s + h)
’ z

For values of h greater than 20 m, Cy and Cz tend to a

common velue C,



FIG. 3
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The vertical eleotric field st s polnt x=d y =0
2 = 0 for s source of lons et x =0, 3 =0, z =h and for h

20 m is ,
. +

EV. vt‘.: A i :.)' X0 b A
on€o Vel

-

o
& v Z +h
al (z+h)2+(x~-d)2+,233/2

exp - 1 'y2+(z+h)2; ot
s ic STew ) o

where 1 is the éoroﬁa current, V the wind speed and €0  the permitivity

of free space. _
' The limit of the iﬁtégral with respect to & can be
extended from -h to - 60 without eny significant loss of accuracy.
A factor 2 has been infrodncéd to account for the image charge in
the earth. | ' |
' No.anal&tical method could be found for solving this
equetion and numerical integration was tried and found to be
impracticable without the aid of an electronic computor,
However an approximate solution was obtained as follows.
- Consider the anmular ring of charge depicted in Fig.3;
the r}la.ne of the ring is perpendicular to 'the plene of the paper.,
The potential at P due to a small element of charge

ABCD ig 3 4 2 I‘drd__.@ )
. L€ o (2 + B2 = 2R r 8ing ecs &)

where 8 is the area density of charge.
The potentiel P due 0 & ring of charge is

_ r 2
O | rdr g de vhere A = _2 Rr sin
LITE o (r2 + R2)Z 3 (1 + A cosd) (!‘2 + B2)




- 22 -

by integra.tion and expansion

| P‘etent_iai P =

n-rdr 1w 3ﬂ’ﬂ+23_5n-ﬁ'*§
e (RAP IR im0 3 TR E,
. H‘-—ao for R)}r

2R+ Sun ¢

it A e o ) -~ . 2y Sin @ ( Y
but A = - . , = . r 4 z
wmaE (R* + ~*) o R ]s (

. (F+R) A

Higher powers of £  than the L4th are aga:i:n considered neligible.

-

- {4 z‘t t 3 ¥
2 g R+

Substituting in these express'ions and writing

s:.n¢

Potential at P = dve@ W {1+(£ * (3 - |)
q-_ﬂéo‘ R

H(5)"[3- SR s w g
R + &5

From Sutten's theery ef turbulent dif‘fusmn
6 = F(‘“) B exp —;

where B = ‘r_vyei:—"'.h* * ':D =C 9(:'--'\

Substituting in, and integrat:mg with respect to r over ther ra.nge )' D

'.~ter=o9

Potential at P = ¢ - Cy,
. , 2
'S'ﬁéoVK

Vertical potential gradient at P




(]

The potential gradient at P

L e . _ih '{xa 5w
9) q“C-vRv (‘XR).

“(‘*f‘ B W, GhT B
> o 1t RY

| Allowance has again been made for the image charge in the earth.

The final integration with respectto x is too complex
to be performed analytically but the right hand side was computed and
:mtegrated graphically | _

The 'only ma jor approx:imation-introduced in the analysis
is that R B This can be justified for values of x from

0 to o0 provid:.ng d is less than {3 h,  Sutton (1952) quotes

observations of smoke in moderate lapse rates in which the maximum

.a.ngle made by the visible edge of the plume to the horizontal was of

the o‘rdér of tan -4
3 10
. From Fig.3.
. where & is the angle the
r = xbe a y7 ~ extreme edge of the ion stream
R (6-a"~ v nmakes with the horizontal.

A'l‘h:.s has a meximum value at the pomtx- hed®

ie.e. vhere tan A (R¥s )2 -
h

AT a
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If the moximum permissible valve of F = ':f,"

R .
then Lo (M)lh_l_
: 5 h 10
iee  dY = IN

.‘ This is the iimiting value of d for which the analysis can be
applied without incurring excessive error.
For h = 3L m the maximum permissible value of 4 is 58m.
Sutton (1947) has published values of the parameters

C and n for a range of atmospheric stability and these have been used
to compute the value of .‘.*Lf_".\.’-&. for a point source at 34 metres

above the ground and for va.lue(; of d of 10 and 45 metres.
| The results of the calculations have been plotted in
" Fig.l, the potential gradient at the position P is proportional to
the area under the graph. |
ﬁe analysis indicates that for 4 less than 50m and for
| Sutton's diffusion parameters the potentiai gradient under the ion
stream from a point is practically independent of the stability of the
atmosphere. It is not until d is considerably larger than 50m that
the diffusion of the ion streem will greatiy reduce the measured
p'otelntial gradient beneath.
When the calculations were ﬁrsf performed it was thought
that the potential gradient must be cons:.derbly affected by diffusion
- and that Sutton's parameters might not be a.pplica'ble to the present

«



problem, The published values of C and n have not been experimentally
verified for noderate and high lapse rates and since the effects of

: d:.ffus:.on increase rapidly for > 0L and n ) 0.5 :|.t was thought
_ ‘necessary to conduct experlments us:.ng a single point in as grea.t a8
range of' atmospheric sta'b:.l:.ty as possible.
If this apparent independence of the potential gradient
e ber.teath.an ion stream on the degree of diffusion were established it
would greatly f‘acilitaté any measurenents a.ttémpfed on single trees
and s;nall groups of trées. :

2.8, Summgg of Equipme ‘ nt.Regllﬁ.red

: After the preced.‘i.ng;analysis it became apparent that the
following apparatus and facilities would be needed in the preliminary

investigation using a single isolated point in the atmosphere,

a) Site for a mast to carry the point.

'b) A method of measuring the potential gradient
‘at & single point upwind end simultaneously at
several po:mts downwind of the point.

c~) A method of measuring point thscharge current,
wind speed, wind direction and temperature gradient

- over thé f‘irst- 30m of the atmosphere,
d) A method of simulteneously recording all the above

parameters.
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CHAPTER 3

APPARATUS AND EQUIPMENT

This .present wofk was part of a general investigation
of point discharge and some of .the equipnent used, viz: the anemometer,
upma field mill and fecording‘camera had been designed and built for
the ‘other half of the project. This apparatus has been fully
described elsewhere (Iﬁ.rkman 1956) end will only be mentioned briefly

in this thesis. -

" 3.1, Site and Mast

The mast, Figure 4, selected for the project was a braced
triple pole structure of height 27.6,m which carried a single pole
extension of length 5 m taking the tip of the Apoint to a Vheight of 34 m.
The triple pole section was clin%\able end the extension piece could be
lowered for servicing of the equipment carried.

| The mast was erected in é small field adjoining Durham
| University Observatory (Figure 5.). The prevailing wind direction .
was westerly, so, as it was necessary to have space to leeward for
some of the observations the mast was sited as far west as possible.
Unfortunately there is a drop in ground level of 5 m from the
'obs.servatory buildings to the mast so that the effective height of the
mast was probab‘lj less than the full 34 m.

It was realised from the outset that the measurement of
| potential gradient at one poinf upﬁind and several points downwind of

the mast would involve large quantities of highest quality cable.,
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To minimise the cable required and to nake measurenents more feasible

) a small !mt contaimng power supplies and & junotion board was built
~ at the foot of the mast, . The hut housed 250V AC, 200V DC and

2, VIC supplies and the junction board was linked to the observatory

' fbuildings by an 18 cored co-axiel cable.  All signals from the

é@iément were relayed to the observatory through this junction board,
In selecting sites for the downwind field mills the effect
of veristion of wind direotion (Che.pter 2) had to be considered,
The ma:d.mum distance to leeward that mills could be placed before being
shield.ed by a small hedge was 41 ‘m. - From section 2,5 ford =45 n
fluctuations in wind direction of < 10° about the mean dir.ction could
be tolerated before significent errors were introduced, consequently
field mill sites were situated on lines at 20° intervals » 8ee Figure 5,

, Three lines of sites were surveyed and small brick mountings constructed

at distancesof 10'm, 25 m and 41 m from the foot of the mast,

After eight months recording bn these sites the downwind
field mills were remounted in an .invertea position at the 41 m site to
enable measurements to be made .m very heavy rain.

Two adjoining rooms were available in the ohservatory
build.:fng one of which was converted into a darkened recording room
and the other into o combined workshop and monitoring room,

20 The Point

The point was machined from stainless steel studding let

into 1 m of 4" dia, brass rod.  The rod was fixed to the top of

“the single pole extension by a 6" polished polystyrene stand-off




counTeRweignT & [ — YA

C

—

AA =120° Potentiometer
BB : Brass Ring.
CC : Carbon Brushes

CD = Waterproof Gland.

FIG. 7

CH o
ARV
b._—?T 3 g‘_lé

THE WIND VA NE.




-28 =

.

insulator and the comnecting wire was brought down the mast through

& series of similar insulators to the Jjunction board at the base.

The insulators were cleaned.at regular intervals with
aloohol and leakage resistance to earth of > 108A, was
éasily maintained.,

The current from the point was passed through a resistive

| galvanometer of périodic time_2 sec. and shunted to give a range of

sensitivities from 1% e to 70 e for full scale deflection. A

caliirat:i.ng current could be passed through the galvanometer at the

end of each recording period.

3,1, The Vind Vene

A.x;emote recording wind vane was constructed that would
indicate direction to 2° and was sufficiently rapid in its response
to give some indication of gustiness.,  The vane, Figure 7, moved
a carbon brush over a circular wire wound resistande and continuous
contact was maintained to this brush by a second carbon brush bearing
on a brass ring,

The voltege from the vane could be observed on a meter I,
moun{:ed on the control panel, Figure 9, or recorded photographically
from g, a galvanometer with a periodic time of 2 secs. A second
potentiometer was incorporated in the system so that calibration marks

correspondihg to the direction of the field mill sites could placed

~

on the record.

%.5. The Anemometer

‘ The snemometer used had been constructed for the other
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- helf of the project (K:z.rkma.n 1956) end was of the generating cup type.
It was mounted 1 m below the point and the output was transmitted to
the observatory where it was rectified and measured by a critically
: damﬁed galanometer of periodic time 2 sec., An earthing switch Owas
pmﬁded to obta.in_a, zero position at the beginmning and end of each
~ record, |

Calibration was carried out in the wind tunnel of the
Northumberland Division of‘ the N.C.B, The starting wind speed of
thé anemometer was approx:i.mately 145 n/sec and after an initial lag
the cal:.bra.t:.on was linear over the rest of the observahle range,
Slmultaneously with the ca:l.1bratn.on the number of cup revolutions
for a given output was measured 80 that changes in magnet strength

could be detected,

3.6, Measurement of Potential Gardient

Apparatus was requiréd tha.t. would continuously measure
the sign and magnitude of the earth's potential gradient and also be
sufficiently transportable to be uéed at any one of the prepared sites.
Field mills were the obvious solution, particularly as the department
had considerable experience in their design and operation,

A field mill was elready situated 47 m upwind of the mast
and it was only necessary to construct the field mills that would be
required on the downwind side. It was decided that four field mills
would given an adequate coverage of the leeward potential gradient and

not be too difficult to operate and maintain,
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o No field mills haﬁ been inherited from & previous

student and have been fully described by him elsewhere (Whitlock 1955)
‘since these mills hed already prfeved both themselves and their design
- two simila.r instruments were constructed. = Slight modifications
.were ma,de to the reference generators, and the amplifiers were reduced
from thxee to two stages as it was found that the original ampl:.f:.er
tended to be unstable at h:.gh gaa.ns. .

The modified circu::.t from head unit to recording

" galanometer is shown in Figure 8. _The useful range of potential
| gradient was restricted to 0 2 2000 V/m. by a line of trees at the end
Fof. tﬁe site which began to diecharge and disrupt measurements at higher
potential gradients. : Itl was therefore possible to operate the
amplifiers at & fixed gain and meice al_l ehé_.nges in sensitivity with
the shunt selector switch 83._; The galvanpmeters (g) were critically
da.m;>ed and had"a,-per:i.odic time 'ef .2 seconds and a maximum sensitivity
of‘ 6.7 mm/ /m. ' |

o From the outset it was real:.sed that the recording procedure
would be too c'omplex to a‘btemp‘t automatic recording and that it would
be a great a&vantage if fhe. number-of ad justments could be kept to a
‘minimum and those that had to be made could be done outside the darkened
fecording room. Consequeﬁtly the feuxt downwind mill emplifiers
- were heused on a rack in the room adjoining the recording room and
the mehitoring meters (M) input selectors (S1) and shunt selectors
83) were mounted in a panel on the same rack (Fige9)s  Thus all

chenges in sign &nd magnitude of the potential- gradient could easily
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v 'l:)e followed, .
. The upwind field mill was of different design and unsble

" to df.ﬂ'emntiate bemian + ve and - ve potential gradients. This
_prbved to be no great disadvantage as the sign of the potent_. 1 gradient
‘could always be inferred from the direction of the point discharge

o curi'ént. A monitering meter and gain sclector switch for this
field m.ll were also mounted on the panel. The upwind field mill

| ,wés'mm cen’cinuously' and provided a readily available indication of

_ the potential gradient. | |

37 ﬁcéowg of Signals

The signsals from the point, wind vane, anemometer, four

~ downwind field mills and one upwind mill were all recorded photographically

on 240 mm sensitised paper driven through a camera at a rate of 4 cm/min,
A time check was obtained from a fogging lamp which was switehed on by
& synchronous. motor at 19 second intervels. The full width of the
paper was utilised by seroing the mill galvanometers at the extreme
~ edges of the paper; changes in sign of the potential gradient, and
consequently of ouiput, were counteracted by reversing switches on
the control panel,
| ‘Pigure 10 is part of a typical record and clea.rl;y shows
' : the érx‘angement of traces on the'phétogrsphic paper,

. 3.8, Messurement of Temperature Gradient
Sutton's theory of turbulent diffusion only differentiates

bgtweén coarse gradations of temperature gradient, consequently a
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piece of apparétus was required would give a quick, reliasble, but not
ngcessérily very aécurate measufe éf the temperature gradient over
fhe first 30m of the atmosphe:g. Above all, the day to day stebility
of the apparétus had to be of a high-order as time could not be spared
during recording for elaborate calibration procedures.
The aim was %o design apparaetus that would measure temperature

‘aifference of 0.2°C over the ambient temperature renge - 5% to + 20°C.

| The alternatives available were either thermo-electric
elements and a resistive potentiometer or thermo=-resistive elements
and a wheatstone net,  The development of semi-conductors of high

stability and resistance/temperature coefficient prompted the adoption

of the latter arrangement.

E

Consider the above wheatstone net.

The current through the galvanometer is given by:-

ig = RE (R2 - R1) .
W (R2 + R) (R1+R)ER1 (R1+R2)+R2(R+R1);

ig = ZBEg
W(X+R)Z =g 4R (2 (22 - &2) + 2RM)
where R2= X + 8 RM = X = g

If the bridge is adjusted to make X - DY g then g°

can be neglected in comparison with Xz.
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2REg
W (X + R)Z- + 2R (x2 + RX)

ig

| Thus for the condition X >> g the current fhrough
the galvanometer is proportional to the difference in resistance
between R1 and R2, If R1 and R2 were two temperature sensitive
elements, the current through the galvanometer would be proportional to
temperature difference to which the-elgments' were subjected, If the
elements could be made to have identical thermal characteristics then
the bridge would indicate temperature difference over the range in
ambient temperature for which thé characteristics were identical.
~ Two "Stantel” thermistors type F/200 of similar characteristics
were selectéd for the temperature sensitive elements., These thermistors
are of a robust construction and are ideal for outdoor work,
The temperamre/resisfance characteristic of a thermistor
is of the form R = a E-b/‘l‘, where T is the absolute temperature, and
: ‘éa.n be made linear o’vér a limited range in T by shunting the thermistor
'gvith a resistance equal to the rééistance of the thermistor at the mid-
* point of the range over which linearity is desired.  This property
was utz.llsed in producing two temperature sensgitive elements of
nearly 1dent:|.ca1 characteristics,
.One of the thermistors selected was ca.librated-in a watér
- bath over the range - 5% to 20?0, shunted with a resistance equal to
its mid-point value and re-calibrated. From a knowledge of

. resistance of the @econd element at - 5°C' end 20°C it was possible
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fo calulate the value of & shunt which would make the sgzond

. characteristic. similer to the first,  The o character:.stics

ebtained ha.ve been pletted in Figure 11. 'l‘he two curves are nea.rly

| 1inear and parallel and the divergence f'rem l:.nearn.'l:y over the temperature
| range = 5% to 20°C s nst greater than 2 ML and ; "\11 ‘within the hoped
f‘or accuraey of 0. 2 Ce The sl:.ght d:.splacement of curve 1

_ relat:.ve t0 curve. 2 was corrected :Ln the final brldge by the inclusion

of a sma.ll series resistor.

The f‘:x.nal bridge cn.rcu:.t was
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The condition X Mg was satisfied by the inclusion of
a 10K resistor in series with each thermistor, In selecting .a
value for E the power dlssinated in each thermistor had to be no

a 'greater than 10 oW otherwise self heating of the element would become
of a magm.i;ude sufficient to influence the bridge reading. For E = l..V

the power dissipated is of the order of 0.5 oW and well within the
iimit of 10mW. The fesistaﬁce R, switch S and meter M enabled the
bridge voltage to be brought td the value of 4 V before readings were
ta.ken., | | | ‘

| Matched wire-wound ~"Precistofs" with a stability of better
" than 0.1% were used throughout.
v With the two 'sensitive_elementé in the same water bath
| the ‘15ridge did not go out of balance by more than 2 /v over the
jtemperafure renge - 5°C to 20°C. |
| ' | The‘ dry edisbatic lapse between 1 and 30 meters is 0.3%
.ér‘ aldn difference between T4 and To. The bridge was therefore
ce.faable' of measuring temperaturé gradients to an accuracy of % the dry
~adiabatic lapse from 1 m to- 30 n over the ambient temperature range
- 5°c, o 20°¢. | -
. 2‘ .9. Them:.stor Housi__ng
| The thermisior housing is shown in Figures 12.and 13,
| A1l metal parts were of copper or brass and polystyrene was used both
as an électrical and thermal insulator,  The anti-radiation vanes
were spun from 22 gauge copper sheet. To help prevent the radiation

‘ absorbed by the whole casing warning the incoming air the lower
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e.nti-radietion vane wes thermalil.y ieolated from the rest of the
fmusing. ' ﬁeatino of the thermistor bead by conduction along the
| connectlng wires was prevented ‘by pass:mg the wires through a large
’ polystyrene m.ndow. |

Preliminary trn.als showed that the themmistors were
:esponding 1;0 1ns:.gm.fmcant » Small scale temperature fluctuat:n.ons 50
their themdl capacity was increased by sliding identical polished
V'Ablra'sleevesi over the thermistor heads.
| ‘ | Air was drawn through the housing and expelled downwind by
- a 7 cm diam; centrifugal f'an é.rlven at 5,000 r.p.m. by a 24V DC motor,
Since 1t was only mtended to record when the wind lag in a certain
'-quarter the slight dependence of aspiration rate on wind direction was
L of 1little impbrtance. |
B All surfaces were painted white.
.10, _Operating and Cahbratmn

The brldge was pla.ced in the d.arkened recordmg room and
two sens:.t:.ve elements clamped to the windward side of the mast
(F:.gure 134) The bridge was balanced when the two elements were
- '.'Amounted at the same height on the mast; after balancing one element
- we.e fixed at 1.5 m and the other at the top of the triphle pole structure.

B The bridge ba.,e.nce was checked perlodlcally by bringlng the two elements

to the seme he:.ghta ‘

Read:.ngs were teken v:.sually from a lamp and sca.le
.arrangement and the galve.nometer was shunted to give ﬂxll scale

deflection for % 2°C between T4 and T, ~ ie.e. approximately ten .times




tile drj adié‘batic la_zpse' betweeﬁ 1.5 aﬁd 30 ﬁl. From switching on
‘the fans a.ﬂd 6heclﬁng the bridg'é. ﬁoltage the elements were left for
ten minutes to come into equilibriﬁﬁ with their surroundings before
. a reaﬁing was taken.

|  Since it was. an :‘Lmlicatic;n of atmospheric stability that
was required ‘it was decided that the calibration of the complete bridge
in a water bath was sufficient and that it was not necessary to carry
out an accurate calibration in the atmosphere.

Checks were made on the efficiency of aspiration by heating
the housing and observing tfle chémges s 1f any, in thermistor resistance.
A éqnsidera’ble excess housfi.ng temperature had to be induced before any
changes in thermistor resistance could be observed.

The bridge functioned successfully over the entire recording
period.  After eight months working, the housings had to be removed
for servicing and the o;mortunii_:& was taken to recalibrate the
thermistors, - Over the range = 5°C to + 20%C it was impossible to
detect any changes in resistancé/temperature 'charagteristic greater

then those inherent in the measﬁring apparatus.
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CHAPTER L

PERFORMANCE AND CALTBRATTON OF APPARATUS

L1, Performance of Field Mills

The upwind field mill had been mounted 1.75 metres above
the ground in an inverted position, that is with the vanes directed
towards the ground, and performed well in all types and conditions of
weather, The four doﬁnwind mills had to be movable and for the
majority of the time were operated in an ufright position on small
bases close to the ground. They worked well in all but very heavy
6r prolonged rain when thére was a tendency for the insulation of the
lower vanes of the mills to break down and render them useless.

Towards the end of the investigation a study was attemptéd
of corona discharge in heavy rain and for this three of the mills were
remounted in an inverted position 1 metre above the ground. No
insulation difficulties were experienced after the mills had been

remounted.,

4.2, Calibration of Field Mills

The majority of electrical measurements in the atmosphere

' ].aave' been concerned with phenomena in w}}ich relative changes in
potential gradient have bleeﬁ nore important than sbsolute values, The
success of the present investigation, however, was very depencent on the
accuracy to which the asbsolute calibration of the field mills could be

perforned.,

The classical methods of calibration involve the use of

’
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some form of potential equaliser coupled to an electro-static

#oltmeter or quadrant-electrometer, Experiments were carried out

using an insulated stretched wire with a burning fuse potential

' Qéqﬁéliser and measuring the stéady potential reached by the wire with

" both quedrant and valve electrometers. It was found impossihie

to record simultaneously the signals from the field mills and

) electrometers without mounting‘thé electrometer in the observatory

,énd using so much cable that the impeldance of the electrometer was

reduced below the limiting value of 10PN To operate the

electrometer close to the wire and teke the visual observations of wire

“potential and at the same time record the output from the field mills

restricted recording to venylsteady conditions when the potential

’4gradient was not high enough to give a critical calibration, It was

therefore decided that the classical method would have to be abandoned
and a method of calibration devised that would be accurate, reproducible
and have a range from 0 to % 4LOOV/m,

The five field mills were first calibrated over all sensitivity

ranges by applying a series of positive and negative voltages to a close

fitting insulated plate which was placed just above the rotating vanes

on the mill (Whitlock 1956). This provided an easily reproducible

check on the gain and sensitivity of the head units, amplifiers and

- galvanometers. A factor was now required to convert these plate

voltages into equivalent absolute values of potential gradient.
At a point 35 m.from the foot of the mast one of the downwind

field mills was let into the ground until the lower vanes were flush
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with the surrounding earth. A large aluminium plate was placed
6v¢r‘the mill and a hole cut to allow the vanes to protrude Figure 14.
A second plate was mounted on insulators parallel to, and 40 cm above,
the first plate, The result was a parallel plate condenser with
the field mill vanes just projecting into the uniform field region

in the centre of the plates, The mill was then calibrated over
the potential gradient range 0 to £ 400 V/m. by applying a series of
-voltages to the plate. On removing the upper plate the mill in
the bit could then be used as an absolute standard against which the
field mills could be calibrated.

The remaining field mills were placed on prepared sites,
similar to those on the lines of sites, at 2 metres from the standard
~and at points equidistant from the foot of the mast, The top plate
was teken off the standard field mill and the outputs from all four
instruments were recorded. Days were chosen for the calibration on
which the potential gradient varied slowly between + or - 300 to 400 V/m.
h'Immediately after the comparison with the standard, the mills were
re-calibrated with the close fitting plate so there was no possibility
of the calibration changing between the absolute and relative
calibrations of the field mills.

The upwind wind mill was celibrated by removing the point
and comparing the signsl from the upwind mill with one of the downwind
mills placed 47 m, from the mast. That the mast did not act aé a
péinf discharge. clement was apparent from the correlation between the

measured upwind and downwind potential gradients with the point removed.
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Changes in celibration could be expected to occur in

. two ways.

(1) Changes in zero output and amplifier-galvenometer
characteristic.
‘These were easily detected by applyuyg voltages to the fixed
plate at the beglmung and end of any recording pveriod. The approPriate

. corrections were applied when the records_ were analysed.

(2) Changes in exposure féctor, i.e. changes in the

geometry of the sites waich might result in a

distortion of the lines of force ending on the

pield milis. |

These were kept to an absolute minimum by f;requently cutting
the grass around the sites a_mi periodically running a motox\-s:ythe over
the entire field. : . -

The sites at distances of 10 m. and 25 m,from the base of the
‘mast were shielded by the mest and the exposure factor of each site was
measured by takihg measurements of potential gradient on all sites at
potential gradients less than the onset velue for the point and then
referring all the measurements .to the 41 m, site on the central line of
sites. |

Several ebsolute calibrations of the equipment were performed
in the course of tbe investigation ‘with the single point. Though there
‘. -'wei-e slight variations in mill perfdmances, ﬁhen the results were
scaled in pr0port10n to the changes as indicated by the close fitting

plate the callbra.tlons were not signlflca.nt]y d:.f'ferent.




The absense of variation between sucessive calibrations
indicate that all changes in calibration had either been eliminate or
~were being detected by the frequent checks applied. |
| It was concluded that the absolute value of the potential
gradient could be measured by tﬁe equipment used to an accﬁracy of

b3 5% over the range 0 to < 3,000 V/n.
The calibratiOn of the downwind mills when mounted in an

imrerted 'position was perf'omed in a similar manner, In this case
the mills could not be moved from.their mountings and the calibrations w

were made relative to the 35 n ma.rk.

&.2. Recording Procedure -
When the wind lay betwé@n NW and SW and the potential gradient

reached a value = 250V/m recording was commenced and the following
recording procedure ébserved.
The wind directioﬁ was studied and depending on whether the
. mean wind direction was changing or constant the mills were placed
either across or along the appropriate lines of sites.
| The downwind field mills, wind vane and temperature gradient

apperatus were switched on and left for ten minutes for the amplifiers

" to werm up and the thermistors to come into equilibrium with their

sufroundings. At the end of this period the phase sensitive rectifiers
of the mills were balanced, the recording camera started and the zero
" positions of the galvanometers recorded with all the inputs to the

amplifiers earthed.
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' The recording was then started and all significant changes
in sign and magnitude of potential gradient were followed on the
- moniﬁorihg meters and the appropriate shunt or reversing switch changes
made. It was ususlly found po_séible to record on only three of the
: do@@d mills and use the fourth for monitoring purposes. This
reduced the number of meters to be observed to one for the upwind mill

and one for the three downwind mills and made recording a little less
‘ exad'bing. The point current galvanumefer shunt was invarisbly lef't
on the 0 to 4 15 p a range but this was changed if the wind ‘speed.
,reached particularly high values, ,

_ The scale reading on the temperature bridge was noted every
ton mimibes and & pecord kept of the type, intensity and duration of
any precipitation. .

When the potential gradient returned to its undisturbed
value and there was nc likélihood- of any further point discharge
the close ﬁ.tt:mg plate wes piécéd over ézch mill in turn and the zero
signal and signel for e fixed voltage on the plate recorded, the inputs
to the amplifiers were then earblﬁed and a second galvanometer zero
obtained. - The anemometer was earthed, the point galvanometer
Ealibrated and calibrating marks corresponding to thé line of field
millu sites placed on the record éf wind direction.

After the mills had been remounted for heavy rain
re’cord:‘ing the- sane procedure was adopted with the exception that
measurements coulci only 'bé made at vvthe one site for a given wind

“directione.




1

Under normal working conditions the zero drift on all

- field mills was less than Z%/hour, if the recording period extended

' over an hour further galvenometers zero's were obtained at suitable

points on the record.

Close adherence to this procedure ensured that the

“ electrical and meteorological history of each period of point discharge

. was obtained.
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CHAPTER

RESULTS FOR A SINGLE ISOLATED POINT AT THE OBSERVATORY

5.1. Range of Recording Conditions and Analysis of Results

The apparatus was ready for operation in May 1956 and results
were obtained whenever conditions permitted up to July 1957. Recording
was restricted to wind directions which resulted in the ion stream being
blomn directly over one of the three lines of field mill sites.

There were 23 occasions &0 15 separate days on which
recording was attempted. The following déonditions have to be

satisfied before the results could be accepted for analysis.

. (1) The fluctuations in potential gradient should not
be too repid and so reﬁder any analysis meaningless.

(2) The potential gradient should not exceed = = 1300 V/m
for any considerable period of time.‘ At values of
potential gradient.above this limit a line of trees
close to the upwind field miil apparently started to
discharge and the 3ions liberated had a'greater effect
on the upwind field mill than the downwind mills.

" Records rendered useless for anglysis in this way
were later employed in a study of the corona discharge
current to earth through the line of trees,
There remained for analysis 11 periods with a total point
discharge time of 9% hours. Of the 9% hours, 7 hours involved
positive potential gradients with a positive flow of current to eérth

and 2% hours negative potential gradients and negative flow of current
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tb'éarth.' This predominence of positive current down over
negative current down was & result of the method of selection of periods
»for analysis and is not of any fundamental significance.

The wind speeds varied between 4 m/sec and 15/sec.

. When analysing the results the wind vane trace was first
studied and those field mill(s) lying most nearly beneath the ion
-'stréam marked. From figure 4 it can be seen that once the ions
llberated in the discharge have moved: 100m downwind of the point they
have a negllgible effect on the vertlcal potential gradient at any of
the prepared field mill sites.

| Fo: average wind speeds it tekes 25 seconds or more for

the ions to move out of range of the most distant downwind field mills.
It also takes a similar period of time for any large scale potential
'gradient disturbance to Become effective 90 m away at the furthest
downwind field mill. Periods on the records were therefore selected
for measurement in which the traces remained sensibly constant for not
less than 25 éeo; a typical period is marked A - A etc: in Figure 10.

Proceeding in this manner the 93 hours of record were
analysed., The resﬁlts obtained for both positive and negative
discharge currents to earth and distances of 10, 25 and 41 metres

frpm the base of the mast have been plotted in Figures 15, 16 and 17.
Thé ordinates are the point discharge current to earth in micro-amps
divided by the wind speéd in metres/second and the abscissae’the
difference betweeﬁAthe upwind édtential gradient Eu and the dotnwind

- potential gradient Ed.
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F.Lrst order regression lines were fitted to the 75 points

for d = 4im, 75 po:.nts for d = 25m end 25 points for 4 = a‘jm.

The fitted lines are:-

.(a.) .

(b)

()

error in regression coefficient 602

for 4 = Mn
i .
770 -‘;‘+~5

Eu - Ed

error in regression coefficient 779 = ¥ o8

for d = 25m

Fu - Bd = 722 %

t+

error in regression coefficient 722 15,8

for 4 = 10m
Fu-Ed = 6023+ 6
%35

In all cases i is measured in micro-amps, v in metres/sec

and Eu = Ed in Volts/metre,

The potential gradient difference between the upwind and

. Gownwind sites was calculated assuming the ions to take up an infinite

line distribution and the following results obtained.

(a) d=4n

Bu - Ed = 803 =
v

(b) a=25nm

Fu=Ed =720 i
N

(¢) d=10m

Bu - Ed = 609 &

The similarity' betwe_en' these two sets of expressions is

very apparent and it was déci&ed to examine the similarity between the



cerresponding expression statistically.

‘The significance of the regression coefficients was first
examired us1ng a Studenu't' test and in all cases was found to be
extremely s1gnificant (P’(O 01). Next the significance of the
.difference between the experimental and calculated results was examined

.again using the Student 't!' test.

,for d = m P =0,7
for & = 25m .P'= 0.9
for d = 10m P =

0.9

- P is a measure of %he.probability of the difference between
‘;the-experimental'and calculated results being greater than by pure
' chance.

Probabilities greater than 0.9 can be regarded as highly
significant. For d = 4im the Student test does not seem to give
a sivnificent‘result but in view of the greater lisbility to error due
_ to fluctuation in Wind direction at 4im 1t is thought that the
'Siﬂnificance of the 51milar1tj between the observed and calculated result
is greater than that revealed by the Student test.

‘As a further indication -of the differences between the

regression coefficients for 10', 25' and hﬂm tested and agdainfound to

o ,be highly significant (P<{ 0. 01)

The constant terms appearing in the express1on for d = 10y
. and Z,L’l 2 are not s:.gnif‘icantly different from 0 (P agaln( 0.01).
Certa1n~11mitations to the validity of the approximation

to an infinite line distribution were suggested during the work;
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these and other possible limitations were studied.

- 5 2, Sign of Potential Grad:.ent

Throughout the enalysis no dlfferences between positive and
negative potential gradients were observed; wh:.ch is in agreement with

the concept of wind being the prime ‘»f'actor in ion distribution.

5.3 Effects of Atmospheric Stability

Measurements were made in conditions of atmospheric stability

. ranging from moderate inversion 5 - 6 times dry adisbatic lapse from im

to 30m, to quite high lapse rate, 8 - 9 times the dry adisbatic, lapse

from 1m to 30m, but no significant difference in the results could be

’ .detected. Difficulties were exper:Lenced :Ln conditions of high inversion

due to low wind speeds and a tendency for the wind to change direction in
& random manner (famming) making measurenents, particularly at 4im,
uﬁreliablé. Measurements made under theée éonditions were not included
in the final analysis. |

‘For distances from the base of the mast considerably greater

than 50m the effects of ion diffusion might well become important, but

the anslysis of Chapter 2 end the dependence on wind direction would have
to be reconsidered as the simplifying assumption of (%)6-—9 0 wduld no .
longer be valid.,

Measuréﬁlents nade at distances greater than 50m might have

applications in the field of atmospheric diffusion.

© Buie Effect of Rain

Light to moderate rainfall had little or no effect on the

results,



In 'heavy rain thei'e seemed to be differences between the
upwind and downwind potential gradients that could not be attributed
to the point discharge ions,  Towards the middle of 1957 the downwind
milis were inverted and measﬁremeﬁts made in very heavy rain. The
same dlscrepandes were observed but it waswfaossn.ble to conclude whether
the results were due to space charge liberated when the rain struck
the ground' or actual wash out of ions from the ion stream. Measurements
of rain current directly bene;ath, the ion stream would have to be made
before any conclusions could be drawn from the observed results in

t'dri‘ential rain.

'2.5. Effect of Snow
| Correlation between the upwind and downwind field mills

~ broke down during heavy snow showers; this was very probably due to
fche creation of small localised regions'of space charge by the

 frictional electrification of snow flakes.

_ It is therefore cdncluded that providing snow and very
heavy rain conditions are excluded the electric field beneath the
stream of ions liberated by an elevated point in the atmosphere
undergoing point discharge cen be computed, to within the limits of
noﬁnal experimental error, for points at a distence from the base of
the discharging point less than A/ 3h times the height of the point by
a.ssum:mg the ion stream to take up an infinite line distribution. For
points at a distance greater than ﬁ h away from the base of the point

the effects of turbulent diffusion of the stream would have to be

considered.
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CHAPTER 6
RESULTS FROM THE LINE OF TREES AT THE OBSERVATORY

6.1 . Line of Trees at the Observatory

As stated in the previous chapter certain of the records
froin the work on the single eleva.tea point at the observatory had td
be rejected owing to the masking o the potential gradient by space charge
presumed to be liberated from a line of trees located upwind of the field
pill system. The trees were of similar shape and size and evenly
spaced in a line lying to the North of the upwind field mill and at
right' angles to the line of field mill sites. It was decided to
re-examine the rejected records in the hope of finding instances during
which conditions were sufficiently stzble to eneble the discharge
| characteristics of the line of trees to be assessed.

All the available records were exemined and at the time of
mt:.ng three records, each of approximately one hour duration, taken on
December 12th and 13th 1956 and May 16th 1957 were considered suitable

for analysise.

6.2, Potential Gradient due to Tons Liberated from the Line of Trees

Figure 17 shows the position of the line of trees relative
to the field mill sites.

AB is the wind direction for the period under consideration.

The calculation for a sheet of charge involves an unsolvable
integral so it was decided to evaluate the vertical potential gradient
resulting from a succession of line charges and perform the final

integral graphically.
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The vertical potential gradient at the point P due to an

infinite line of charge along AB is given by.

Ev.o =3 1'?':'2;' {»' ‘_f'(\FfﬁTe‘)'_’f,l(FE-\?)
. Where i is the current to earth in ﬁiem-ampefes, V the wind speed in
 metres/sec aﬁd h the eetimated height of the stream of ions in metres.
Ev was calculaued for a ra.nge of values for b at 10 metre
‘ :mtervals and for h = 8 metres., . |
The value selected for h was three quarters of‘ the extreme
: he:.ght of the trees. : The results of the calculations for May 16th ’
are shown in Figure 17b. For most xvalues of a for b > 40 metres
Ev rapidly approaches zero so if AB lay in such a direction that "b" for
the downwind mills was greater than 40m the effect of the ion stream on
the dovnwind mills could be discounted. .

o Tﬁe final graphical ix;tegration gave

34 v x 10° /m for the wind direction on December 1v2th and 13th,

and Ev = z+o % 10 V/m for the wind direction on May 16th.
Y

6. Do Measurement of Potential Gra,dient Reduction at Upwind Field Mill

On the first two occasions, December 12th and 413th, the wind
‘lay in the South West and the dowmvin& field mills were across the line
. of sites. - ThﬁsAfield mill 1, Figuz;e 17, was greater than 4Om away
from the edge of the ion cloud liberated at the trees and therfore
N Mected by the ion cloud. ‘ Af'ter correction for the known current

 down the maet the Signal from field mill 1 was used as a measure of the

actual potential gradient.
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_ On May 16th the w:.nd was 'blowmg from the Vest and it was
- not possible to use the downwind mills to measure the potential gradient
as the space charge liberated by 'theb trees had begun to divide into
dense and less dense regions which ‘ceused large and upredictable
_ fluctuat:.ons in mill output. | In this case the point discharge current
| . was used to measure the undisturbed potent:l.al grad:n.ent. '
Kirkma.n (1957) working on the same point establ:.shed that
the pomt dlscharge current i, W:Lnd speed W and potential gra.d:z.ent M
_ were: related by
‘..a(W+c) (F M)
v Vhere C and M are constants cbaracteri'stic of the point and
its location, | |
When analys:mg the record of May 16th those parts of the
B record which were unaffected by space charge liberated by the trees »
that is those regions dublng vhich the potential gradient was less than
3 '-"-'1200 V/n, were measured Aa.nd the results fitted to the above expression,
_ l - The family of curves obta.ined were then eAtrapolated beyond
1200 V/m and the absolute potentia.l grad:.ent for the entire record

obta.:med from the measured point discharge current and wind speed.

6.4 Results for Line of Trees

The records were examined and periods selected in which the
. mea.sured parameters remained reasonably steady for periods not less than
A 30 seconds, . The undisturbed potentn.al gradient was obtained from
either one of the downwind mills or the point discharge current down

‘the mast, and the reduction by space charge of the potential gradient
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at the upwind field mill .calculatedj.

The point diséha.f‘ge current/metre along the line of trees
‘was evaluated and the results l;xave been plotted in Figure 18.
The ordinates sre in micro-amps/metre and the abscissae
. und,istﬁrbed value of the potential gradient in volts/metre. - The wind
' speed was reasqnably constant and in the region of 9 metres/sec on all
" three occasions.

It 'mist be noted that the value of the current dom the line
of trees given ﬁgum 18 cannot be assumed 40 be the true value of the
currerﬂ: as the wind speed used to calculate the current was measu;-ed
- 35 m abo{re the ground and might bear no relation to the wind speed to
the 1eeward‘of >the trees., The measured iralue of the windspeed could
nof be transposed to 8 m. by thé nornal 1/7 power law since this does
not -apply in such undulating cquntry‘. The value of the results is
in the relat:;l.on ﬁetween point discharge current and potential gradient
and the chenge in gradient beﬁeen summer and winter.

' The results show a sui’prising' and ;-emarkable difference
‘between the two periods on which they were taken. It is difficult

to expleain wlfxy'the two curves Ashoxlxld have gradients in the ratio 3.1:1.
This‘ difference is very epparent 01;1 inspection of the records. On
- the December‘ récords, for constant wind speed, when the potential gradient
reached the onset value of the line of trees there was a rapid reduction
in ﬁhe signal from the upwind field mill even fhough the point discharge
current continued to rise. - On the occasion in May the corresponding
reduction: in .pbtential gradient at the upwind field mill was gradual and

very“ significantly different from the December records.
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The bnly observable dif’fei‘ence between the two occasions
.was the cond:.tlon of the leaves on the trees. A1l the trees were

deciduous and on May 16th all but one of the trees *Bsh tree, were

_ .'f‘uliy covered,  This ash tree was situated near the upwind mill and

the’ pOSSlbillty' of‘ the ash tree alone ben.ng ‘responsible for the May
results will be discussed later in congunct:.on with results obtained
from a single tree on the Duzjham C:Lty Golf course.

“ If was thought that there were an insufficient number of
recordmgs to a.ttempt some quant:.tatlve analysis of the po:mt dlscha.rge
~characterlstlcs of' trees. However sim:Llarlties with the chara.cterlstn.cs
of - single po:.nts were suggested and these s:.mllamtles md_wate the
possmle value of a more comprehens:we study by this method.

Results would have added value if they could be made amund
a s:x.ngle :Lsola.ted tree when the mea.surements of potential gradient would
become much easier and the as_sessment of conu'ollzng factors simpler.
For this reason it was decided to build transporteb.ie cquipment and make
measurenents around a single isolated tree situated in the middle of the

~ fairways of the local golf course. .
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CHAPTER 7

APPARATUS FOR MEASUREMENTS AROUND A SINGLE ISOLATED TREE

7s1s Apparatus Required

The results from the line of trees at the observatory éhowéd
that it was possible to obtain the point discharge current down natural
objects from suité,ble potential gradient measurements. The results also
indicated the potential value of measurements around a single isolated tree
in that there seemed to be unexplained changes in point discharge
characteristics with the season of the year. = It was therefore decided to
build equipment to meke potential gfadienﬁ and wind speed measurements around
an isolated sycaﬁore tree located on the local golf course.

The apparatus required for measurements was a direct reading
anemometer and two field mills capsble of working in all weather conditions
and measuring potential gradients between 4 10,000 V/m.

' Unfortunately it was not possible to establish a permanent
~ observing station atx the tree and consequently all the apparatus required
had to be transported to the golf course whenever‘ coniitions were considered
suitable for recording. A van was available for transporting the
equipment but it was not entirely at our disposal and the anemometer and
recording equipment had to be self-contained and capable of being quickly
lif'ted in and out of the van,

[s2s The Anemometer

A cup generating anemometer was similar to that used in the

work at the observatory was constructed and mounted on a sectional aluminium
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mast 5 metres long. - The output was rectif'ied and passed through a
sensitive gélvandmeter and the signal recorded photographically as
described in a later section.

Calibration was carried out in the wind tunnel of the

‘Northmberlend Division of the National Coal Board.

73, The Field Mills

| It was originally'inteﬁ&ed to build two self-contained fieid
mills‘ which would only require a power supply for the motor and ‘give a
- DeC. output proportional to the sign and magnitude of the potential
gréaient. It was hoped to use transistor amplifiers throughout end
rectify the output with a commutator mounted on the same shaft as the
rotating vane of .the mill, | |

An experimental ins,tnnneﬁt was constructed on these precepts
but it was found thet the input impedance (50K) of the transistors
available at the time, even when run in grounded collector working, was
too small by an order of megnitude and the input stage of the amplifier
haed to be replaced by an electrometer valve, An electrometer was
selected because of its low he.ater power consumption and small H.T,.
voltage.

The electrometer followed by an 0C71 transistor gave an
adequately stable voltage amplific_:atio‘n of ZOX, but this stability was
‘destroyed when the outpui was rectified by the commutator when the
variations in sliding resistance vof the brushes caused unwanted
fluctuations in the output. This was a consequence of the output

impedance of the transistor being of the same order of magnitude as the
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brushihg resistance and thereforé fthe power output from the émplifier
became a function of the brushing-msistanée. * Since it was
_impossible at the time to ollwtain transistors with a higher output
impedance the only solutions were to abandon transistors and use'normal
' valves or dispense with sign discrimination, For the intended
applicatién it was not necessary to have two field mills able to
discriminate between positive and mgative potential gradients so it

was decided to build one transistor field mill without sign discrimination

" and a second mill similar in design to those employed in the project

at the observatory.

‘The circuit finally edopted for the first field mill is
sﬁown in Figure 19. Th‘e‘ first two stages were in a vibration proof
mounting in the head unit and ‘the‘ 6SN7 and point contact rectifier on a
small rack carried in the ven, The second cathode follower had to
be inoorporated to obtain an output that was independent of the temperature
induced fluctuations in the diode.- The selector switch S1 was so
designed that through a range in sengitivity of 3:1 was available a
consta.'ﬁt load was presented to the cathode follower output,

The complete circuit- for the second field miil, Mill B,
is also shown in Figure 19. Experience J_n the laboratory indicated
that nothing could be done to kepp tre A'bz'ushing resistance constént at
thé required commutator diameter 50 recourse was made to a reference
generator and phase sensitive rectifier, To reduce the number and
weight of the cables to the head unit, and thereby make handling easier

the amplifiers were designed to use battery powered valves.
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- This ir&olvéd ca;rz&ing three separate low tension supplies as the cathodes
of the two output cathode followers had to be electrically isolsted.
’.l‘o‘.,have used independently heated cathodes end run the motors off the
ldw_ tension supply to themotors would have greatly increased the current
to be supplied to the mill and coﬁsegﬁentm increased the low tension
' w.r'olt‘age lost in the cables.

' The use of the triode valve before the phase sensitive
| feéfifier avoided haying to pass the high tension voltage from the signal
output velve down 100 yds of the co-axial cable.  Sensitivity changes
were made by seleéting all ‘or paﬁ: of the input to the pre-amplifying
'triode. The meter M enabled all changes in the sign and magnitude
of the potential gradient to be easily fo;lovéed. ‘ |

The final outputs from both field mills were passed through
" sensitive mirror galvenometers of periodic time 2 seconds and the
def‘lections were recorded photographically. '
o The two mills were mounted on 4m high portable aluminium stands
ond were inverted to avoid insulation breakdown during very heavy rain.

A smell rack, Figuré 20, ca.rx;iéa the two rectifiers and the
. head units rack were coupled together by 100 yd lengths of high grade
co=axial cable which were wound on a larée drum and unrolled as required.
The low tension supply for the mill motors wnd various equipment on the

rack was supplied by a 12v car battery and two v a,ccumulators.

: 7.&-. Method of Recording Sn.gnals

The recording of the two field mill anemometer signals

: presented rather a difficult problem. It would have been conceivable
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" %0 record the two field mill outputs visually on milliameters but this
vas impossible for the anemometer from vhich the mximum power ’output
| was only a fraction of a micro-‘waﬂ;.., . "lfhe‘only possibie solution,
with_outv :ecoursé to expensive chart recording, was to try and record
- the signals photographically using mirror gé.l{renometers and seﬁsitised :
paper. _ . | -
| The Jower half of the small rack was boxed in and the
éa;lvanon;eter rigidiiy mounted a»t~ one end, The galvanbmeter leamps
were altered to focus down to ‘61 cms and the reflected spots focused:
Qnto4 a small camera mounted just beneath the lamps. The camera was
_bu_ilt to carry 1.‘_anx-widé photographic paper a.nd was d.rivez; through the
camera at a spéed of 2cm, 2 minute by a small motor mounted ins_iae the
camera Case,
| Time checks were p.‘!.acéd7 on the record by a neon discharge
tube circuit (Figure 21) which switched off a fogging lamp for a period
of 2 secs at half minute intérvals.
Three levelling screws were fixed to the base of the rack.
' _ﬁnder normal operation the rack was left in the rear of
the van and once levelled, provided the galvanometers were kept dry,

could be relied upon o give trouble free recording.

Zs5, Performance end Calibration of Apparatus

The two field mills were calibrated on all sensitivity ranges
by applying positive and negative voltages to a metal plate placed under

the mill close to the rotating vanes, @ The potential gradient
equivalent to a given voltage on the plate was determined by comparing
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the output from the field mill with that from another field mill which
had been ca.librate_;d in a ma.rmex_; sim:ilar to that described in Chapter k4.
‘In normal working the sensitivity was adjusted to give a
full seale deflection for potential gradients of magnitude 0~2000 V/m ,
O~;,000 V/m and 0-10,000 V/m. Por the purposes of absolute
calibration the la.rge shunting capac:.tor across the output from the field
m:|.11 venes had to be removed. |
The working point of Mlll B showed a slight tendency to
wander and it was necessary to earth the input at ten mimute intervals
throughout all recording. This waendering was partly due asymmetry
in the switching valve of the phase sensitive rectifier and partly due
the leakage caused by the damp conditions under which the equipment was
normally operated to earth across the recording galvanometer.
V Callbratlon checks equ:.valent to two-th:.rds of the full
scale deflection were applied mea.ns_of the ¢lose fitting plate at the

beginning and end of each recording period.

7.6, Site end Arrangement of Equipment

The tree selected foi the measurements was a 12m high sypamore

situated in the centre of the fairways of the Durham City golf course.
It was surrounded on all sides by closely mown grass, Figure 28
The .nea‘rést trees were over 100m away and could in no way influence
potential gradient measurements made near the base of the sycamore.

| Whenever conditions were considered suitable for recording
thé apparatus wa,é tra.nsported to the golf course and the van parked on

a level piece of ground beneath the tree Figure 21.A. The wind
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direbtion wes observed and one field mill placed 15m.upwind and the other
15m. downwind of the tree‘. The sign diseriminating mill was used on
the upwind side as it bwas hoped to use relatively rapid response time
~of the meter M to make visuai qualitative observations of the more
| ra.pi& fluctualtions in downwind potential gradient, |
‘ - The ,'tree was suﬁ‘iéieritly symnetrical for any distortion

of the potential gradient by ‘the tree to affect both field mills to

an extent no differing by an emount greater than the inherent error
" of the instruments.  Wind direction changes of 20° either side of the
line of the field mills could be tolerated before any significant
._cﬁanges in output would be reasonsbly expectedt occur. (Chapter 2).
T The anemometer was placed in a position in which it could
" in no way interfere with the measurements of potential gradient either
by screening the field mills or by liberating ions by point discharge
* in.very high potential gradients.
| I the significant changes in wind direction during the

progfess oi‘ a record werec observed the supropriate changes were made

| . to the arrangement of the field m:.lls and anemometer mast.

As prev:Lously stated. ca.l::.bration ma.rks were placed on the

record at convenient intervals and any zero drift followed by earthing

" the input to the -amplifiers on the rack at ten minute intervals,
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CHAPTER 8 -

RESULTS FROM DURHAM CITY GOLF COURSE

8.1+ Introduction

_ From April to August 1957 it was possible to record on only
;bhree occasions, with a total recording time of three hours.,
The dearth of periods of high potential gradient was a ,‘
cohsequence of the position of Durham City, Situated between the
- eastern edge of fhe Pennine chain and the sea, and with prevailing wind
* girections in an E - W line, cloud forms of the type required were either

building up off the sea or dying away after crossing the Pennines and t‘

N .tl}e- full electric potential was very rarely experiénced.
| The first recordiné ﬁas beneath a dying cumulo-mimbus cloud
~and the complete transit of the cloud was recorded, on the other two
- occasions lightning flashes were observed from the cloud and the
~ recording had to be terminated when the potential gradient fluctuations
became btoo variable to have any real significances - " .5,
The potential gradients varied between +7,000V/m and

~3000 V/m and the wind speed from 3m/sec to 9 m/sec.

8.2, Results

o Throughout the .three recording periods no significant
differences were observed between the potential gradient recorded by
the upwind and downwind field mills, Avtra.nscript of part of one

of the records is shown in Figure 22. Time scale of the downwind mill
has been adjusted in pfOpor-tion to the wind speed (= 5m/sec) so brining

the two {;races into c¢oinecidence and emphasising the similarity.




‘The transcript clearly illustrates the degree of correlation
that existed between the two field mill outputs and the results shown
are characteristic of the entire three hours recording.

Even if an insufficient number of ions had been liberated by
the | tree to make a quantitative aséessment of the current their presence
should have been revealed qualitatively as small fluctuations of the
~ downwind field mill trece. . These fluctuations are chavacteristic of
any potential gradient measurements made on the downwind side of a
~ discharing point and have been observed and published by Whitlock and
Chalmers (1956) and Large and Pierce (1957) and also by ourselves in

all the work with a single point at the @bservatory.
. It must be concluded, therefore, that any ions liberated

‘at the tree during our investigations must have been below the level

_of detection of the equipment employed.

83 Discussion of Results

| " There can be little ﬁoubf that the potential gradients
measured were of the correct order of magnitude since the site was a
mile away from the observatory buildings and on the first occasion
simultaneous recordings were made at both sites, The difference in
- absolute ma;d.mumA'value of potential gradient reached at the two sites,
5,000 V/m at the observatory and 7,000 V/m at the golf course, can be
accounted for by the considerabi& better exposure of the golf course and
- that the centre of the cloud passed over the golf course and not

" the .observatory.
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The constant check made of the calibration would have
detected any changes during. the proéress of a record or from one record
' t§ the next. ,
‘ If the upwind mill is assumed to be screened from the space
~ charge by the'tree and the centre bf any liberated ioms is considered
to be 10m gbove the ground - the tree was 12m high to the tip - then

 the difference in potential gradient at the downwind mill is given by

Bu~-Ed = Ldg R 10° V/n

vhere i is current down the tree in micro-amps and v the windspeed in
metres/sec.
| For the sec‘biozi of recbrd shown 1n Figure 22 the wind speed
was of the order of 5 m/seé, |

. EBu-El = BPiv/m

The field mills were cepsble of measurements to an .accuracy
of % 5% therefore for an upw:.nd potential gradient of 7000 V/m, the
ma:d.mum observed, a difference of 700 V/m or greater between the
upwind and downwind field mills could be regarded as significant.
| Théref‘ore for the agsumed conditions of charge height and wind speed
on the instence under considerati_.on the point discharge current down the
tree must have been less tha;i 1 P amp. This is the most conservative
estimate of the sensiévity of the equipment but a current ‘aom the
’cree of less than 1 m:.cro—amp at 7,000 V/m end wind speed of 5 m/ sec
will serve for comparison with other workers results.

With an 8n artificsl point at Kew Whipple and Scrase

measured ourrents of the order of 2.5 n at 7,000 V/nm end Wormell at

N
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Ca:;lbridge vith a 412m point obsefvéa.'currents some three times those
obta:z.ned at Kew.

' From the descr:.ptn.ons puuL.shed the site at Cambridge had
'an‘exposure very similar to that of the tregon the golf course soO
 that, if the equivalence of point and trec were sn established fact,
one would have expected a éurrgnf) gf 7 /ua' down the tree at 7,000
V/m'.i This current would have a'aj.fference in potential gradient
between the two field mills of ove%r 5,000 V/m and could not possibly
have escaped detection, |
| The only other published resulfs of the discharge current

down a single free are those of Schonland (1928) for a 4m tree in

‘South Africa and his published results were:-

Potential gradient, 'V/xq '. Current e
=350 007
- 5,50 0,20
-11,000 ' 1.00
16,000 1,00

For % 7,000 V/m the current down the tree would be of the
order of o3 s " fThe results of Kirkman and Chalmers (1956), as an#lysed
by Chalmers (1957) give the ourrent +o ﬁ\ellnearly dependﬂnt on the
he:.ght of the point which when a.ppl:.ed to Schonland's results predict
| " a current of ,9 e for 1 12m. tree in a potential gradient of -7000 V/m.

" 1In the present case this would have been on the limit of quant:.tatlve
'measurement but should have been detocted as 1rregu1amtles ‘in the

‘downwind field mill trace.
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The results from the line of frées at the observatory
indicate a éignificant change in charecteristics from winter to summer
which can only be attributed to the presence of leaves on the trees and
a general smoothing of the outline of the tree, Schonlands tree
was a small thorn bush withcut leaves which could be expected to pass
a higher current to earth than a heavily leaved sycamore of similar
height.

| It might be interesting to discuss what the onset potential
gradient for point discharge current tq pass down a symmetrical tree
in full leaf might be. Wilson (1925) reported experiments in which
the potential 'gradients:?;' the order of 20,000 V/m.  The tree on the
- golf course was regular in outline (Figure 21A) and might be approximated
to a hemisphere. -A potential gradient of 20 ,000 V/m at the surface
of the supposed hemisphere would correspond to a.potential gradient of
7,000 V/m at the surrounding level ground -'the meximun field reached

in the present experiments,

8ol Re-Appraisal of the Results from the Line of Trees at the Observatory

The results from the line of trees at the observatory are in

first sight somewhat confusing as one would expect the effect of leaves
to appear as a change in onset ﬁotential ;. but for the summer resulis
an ash tree quite close to the tree was without leaves and would still
be expscted to commence discharging at 1200 v/m, This means that
the majority of the point discharge current passed o earth via the ash
tree and that the most dense regions of the ion cloud would be in line

with the ash tree. On this assumption it is possible to calculate
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the reduction of the potential gradient, the result is,

Tu - Ed = 9.2%'. X 103. V/m (see Fig. 17b)

942 1

or a fraction Z2Z = ___ of ‘the reduction expected from the
34,0 3.6
_ 1
entire line of trees, . From figure 18 the measured ratio is 374 which

indicates a measure of agreement W:.th the plredicted value,  Any
discharge from the remainder of the line of treej would, of course,
decrease the theoretical value for the ratio.
‘. The results from the observatory and golf course could
therefore be reconciled if it is assumed that there is a very significa.nt.
change iﬁ the discharge characteristics ‘of' trees between summer and
" winter and that this diff'erence is in some way correlated 'with the
appearsnce of the leaves. |

| The appearance of leeves on a tree does significantly change
the specific resistance of the trunk, - Measurements made in conjunction
with J.R. Kirkmen over a period of twelve months on a growing lime
_ trée at Durham University Science Laboratories gave“resistance to earth
appré:dmatel‘y equal to 50 K in the winter and 15 K in the summer for
a tree 10m high, with f].pctuations about these values with the dampness
of the ground,  For currents of the order of microamps the change
- in potential at the top ofoa tree would be several orders of magnitude
tooosmall to influence the progress of the discharge.
| The only other conceivable effect of the leaves is a
general smoothing of the 'outliné of the tree and a reduction of the

potential gradient irregularities at the surface of the tree.
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Schonland commented that he could observe no difference in the current
down the tree when he wired leaves into his tree mounted on insulators
but 'it ig difficult to conceive him obtaining anything like the coverage
of the naturally occurring foliage.

8.5, Implications of Results

The implications of the results from the golf course are
‘ immedié.tély apparént. The assessments of the total point dischérge
current tov:vards the base of a cloud based on the equivalence of point
and .tree 'wouid have to be revised.

- There can be little doubt that the results of Gish and Vait
and Sturgis, Rein and Kangas are substentially correct and indicate a
: totélv current upwards above the average thundercloud of 0.5 = 1.5 amps.
Since the majority of neasurements of the electrical structure of
thundesclouds give nearly equal quantities of positive and negative
chaz_-ge residing in the cloud theré cen be no accumulation of space
charge within the cloud and the electric conduction current exlsfing
beneath the cloud must be equal to the magnitude and direction of the
electﬁc current measured sbove the cloud. o

| | As. mentioned in the ‘introduction, assuiiing that the rain

currént measurements are not grossly in error due to undetected splashing
_effects, the only possible source of positive electric conduction current
| towards the base of a thundercloud is corona discharge from objects
(trees ?tc.) beneath the .clqué.-. If the results obtained from the
Durhem Golf course are characteristic of all trées this corona discharge

commences at a considersbly higher potentiel gradient that previously



considered. Existing estimates of the corona discharge current
&eﬁsity are based on the excess of positive over negative upward current
through an elevated point, raising ﬁhe onset, potential would reduce

the total current passed but would also increase the ratio of positive
current to negative current. Whether the increase of the positive/
negative ratio would be sufficient to offset the loss in magnitude and
give the same excess of positive current is impossible to infer from
the present results. Only continuous observation over several years
could yield a significant answer to this question.

Unfortunately the results are of little help in a re=appraisal
of the alti-electrograph resuits of Simpson et al. Though they might
be interpreted as indicating & reduction in the point discharge dénsity
- mo other solution_of the balence of charge problem between the regions

gbove and beneath the thunasmloﬁd has been suggested.

8.6, Conclusions
| Within the bounds imposed by the somewhat limited recording

 time the following conclusions can be drawn.

_ (‘i)' For the sycsmore tree under consideration the corona
aischex'ge'curmnt is. less than 1 microamp for potential

o ‘ gfadients up to = 7,000 V/m. .

| (2 | ' The corons discharge characteristics of a tree in

sun;mer are significanfly different from thoge of an

isolated ar’tif‘icial'?oint of similar height and exposure.

The principal difference is a considerable increase in

onset poteﬁtial gradient,
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(3) -, There is an apparenf chan-ge. in c;-orzona discharge
charact‘eristics' with season which may be correlated
with appearance of leaves and consequent change
o | in outline. | |
'8, 7. Suggestions for ﬁmhér Work
(1) Measurements éimi/iar'tg- those made at Durham City Golf
_ coufse should be teken over both winter and summer months and if
po;si-ble to potential gradients greater than & 7,000 V/m.
| From é:q:eriencé gair;ed on the present project the work

- would be greatly f;acilitated if a small van could be instrumented for
. the purpose as this would save valuable time getting to the site when
éonditions weré suitable for recording,
B (2) . If possible the neaguremsnts on & single tree should be
extended to single trees of different shape. Comparison of onset
~potential should reveal the importance of outling on discharge
| chara;cteristics.
- ( 3) Measurements made on the line of trees at the observatory
- are more sensitive than singie tree measurements and could be used for
é_ coz_ifinuous check on seasonal changes in discharge characteristics.
(%) The results of the analysis of the effect of rain on the
ion'c,lo_ud from a discharing point suggests e method for directly
checkiné the Whipple and Chalmers analysis of the Wilson charging process.
' The analysis showed that the falling drops leave the ion cloud with a
‘charge of . 12X 0" € ¢measurenents of rain current beneath and to one side

of the ion cloud would directly test this result and could be used to
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the charging process. . The method has the advantege that the ion
‘cloud be artifically created quite close to the ground and the

méasurements carried out under steady state conditions.
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