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Fme‘zoan
' The main part of this thesis describes the
' 1nvestigation of apace~charge movements in convective
weather. Measurements in other weather conditions,
which:wete made~as’£he oppoitunity allowed, are
,H‘déscribed in chapters 7 ﬁo 9. All the experiments,
however, wére concerned ﬁiﬁh the movement of space charge.
. Throughout the. thesis, the sign of the atmospheric -
 potential gradient is taken as positive if a small
"»positive charge would tend to move towards the Earth.
The ﬁerm "field"” is not used where its sign is important.
Currents are taken as positive if they tend ﬁo neutralize
the Earth's charge,viwe.'tranéfer posiﬁive charge
downwards or negative charge,u?wards,ﬁand s@ace—charge
density gradients as positive'if thé positive charge
density increases upwards orfnegative_charge density
increases downwards. These cénventions are consistent in
" that a gositive éotential gradient gives a positive
conduqéion purrent,-and a positive density gradient a
positive convection‘current, The usual fine-weather day-
time conditions give a positive condﬁction current and
probébly a negative convection current. In dynamic

meteorology, the upwaras direction is taken as positive.



‘The fefm 5convection current" is only used to
'denote the transfer of electric charge by convection.
Readers unfamiliar with the subject of turbulent
.transfer ‘may find the reviews "by Prlestley (1959) and

-webb (1964) useful introductions. ‘
Rationalized MKS units are used exc1u51vely in"
the theoret1cal work, and . in most other cases, although
I have broPen this rule where common sense demanded,
- g._to express a length in. cm. I have also reSpected
the _custom in ice work of measurlng charges in
cl electrostatic units.‘ The following conversion feccors

* may be found usezul.v;ff o : _
- -3' - ‘ ’ - -3 .

l e cm ‘ . ® - 0.16 pCm
125 e cm'3 :}:'élv>vi 20 pC n™>
250 e cm -3 e ido_pclm-3
" lesu 0= . 1»‘3.33fx 10710 ¢
1 esu gm-'"1 - 0.33 pC kgm -1

“Vibrating-Reed Electrometer' is usually abbreviated
.to"VRE.
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ABSTRACT

| Theories of convection below cloud-ﬁase are
reviewed, together with experimental techniques and
evidence. It is concluded that, over land in sunny
weather, a fbrced convection layer is probably overlain'
by one in which the heat flux is carried by buoyant
plumes which may change their form at a few hundred
metres. . . |

If space charge is considered as carried by air

- movement, the convection current 12 in forced convection

is given by
du =

re—

’\.lt.kis—z)%
where k is von Karman's constant, z the height, u the

mean horizontal wind—Speed, and ¢ the space-charge density.

AIn free convection

. h* *‘s)!i Y3 A&
e Tplr = e
wvhere h is a number equal to akout 0.9, H the heat flux,

T the absolute temperature, Cp the specific heat and P

the density of air, and g the acceleration due to gravity.

Buoyant plumes will probably have space-charge density

excesses, of magnitude much less than 1 pC w3,
Measurements of space-charge density with filtration

apparatus show pulses lasting about 40 s, and about



40 pC n3 high: these seem to be associated with
free convection, but are probably not coincident with
buoyant elements. The horizontal diameters and
sepératiané of the pulses are proportional to wind-

speéﬁ. .

t _ The turﬁulence theory could be ﬁsed to determine

. the charge given to the air by melting ice by
- -measuring the space-charge density gradient over
melting snow., A calculatioh'from earlier results gives
a charge of about O.EE;FC kgm ! melted, similar to
. values obtained by other methods.

Measufements of potenéiai gradient near a small
group of deciduous trees in stormy weather are
provisionally explained in terms of point disgcharge,
starting at about 1000 V_m'lland reaching 0.5 pA at
1650 V m ™ *,

‘Observations. in fog sﬁoﬁ negativé space charge
. originating.at power lines, confirming earlier work, and

suggest the use of space charge measurements to study

atmospheric diffusion from a point source.
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LIST OF SYMBOLS

'Constanté without particular significance are not
listed. vhere the meaning of a symbol changes from
chapter to chapter, the chapter number is given in

brackets before the meaning.-

B Buoyancy factor

Cc (5) Field mill stator-earth capacitance

Cp  Specific heat at constant pressure

D (4) Diffusion coefficient of ions

d (8) Horizontal distance of field mill -from
. discharging point

e Electronic charge
| (1) Radial turbulent potential heat flux,
(2- ) Potential gradient
£ Field mill signal frequency
g Acceleration due to gravity
H Heat flux
H* Dimensionless heat flux
"h ' (8) Height of discharging point
I Sstator-earth current
1 Total air-earth current; (8) Point-discharge
) - ecurrent
. 1i>_ Conduction current
12 Convection current
Kﬁ . Momentum turbulent transfer coefficient
Kq Charge turbulent transfer coefficient
-k (2 & 7) Von Karman's constant; (4) Boltzmann's

radius of diffusing plume

constant; (8)
*aT§€3ﬁ5§'ff55‘5?1§1ﬁ-—-__



(1) Velocity in z direction; (4)
Mobility of ions

Mobility of positive small ions
Mobility of negative small ions
Horizontal measurement

Vertical measurement

Roughness length

Dry adiabatic lapse rate

‘Permittivity of free space

potential temperature

Ratio of horizontal and vertical radii in
a bubble |

Kinematic viscosity of air

- Density of air

Space-charge density

Vertical turbulent shear stress (= momentum
flux) '

Angle

Nuclei concentration

Angular ‘signal frequency

SUFFIXES

environmental value
maximum value
excess over environment
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(1 & 2) Obukhov's length scale; (7)

latent heat of melting of ice

(4) Length of tube; (6) Intersection

‘,1ength of pulse

(5) Field-mill frequency in r.p.m.
Density of all positive ions
Density of all negative ions
Density of positivé small ions
Density of negative small ions

‘Columnar resistance of atmosphere

(2) Radial space-charge flux; (4) Gas flow-
rate |

- {1 & 2) Horizontal radius of buoyant element;

(5) Stator-earth resistance

"Richardson's nnmber

(1 & 2) Most prcbable value of R

(1 & 2) Horizontal distance from centre of
1buoyant element; (8)'ﬁadius of diffusing
"plume

Charge released ‘per kilogram of melting snow
(“specific ¢harge”)
Absolute temperature

Temperature scale valﬁe
(6) Ralf-peak duration of pulse
Velocity in x direction

Radial velocity

Mean wind-speed over half hour
" Friction velocity

(2) potential of Electrosphere; (5) Signal

- ﬁoltage on stator; (8) Plate-earth voltage

(8) Threshold value of V

. (5) Stator signal voltage at ¥ =00



CHAPTER 1

CONVECTION BELOW CLOUD-BASE -

1.1 Introduction

The recqgnition of convectipn as a mode of heat
*transfér in fluids came eight years.after Montgolfier's
. £1ré£_use of it for flight. Archimedes wés traditionally
thé first to'ﬁnderstand why an object placed in a liquid
riseéjto the surface if its weight is less than that of
an egual volume of.wéter, but it was not until 1797 that
Rﬁﬁford (1670) discovered that this phenomenon could
transfer heat through a fiuid, when the "immersed body"
was ‘a volume of the same fluid at a different temperature.
We now call this form bf heat transfer "buoyant convection"
“or "free convection”". It is to be distinquished from
"forced convection", which is also heat transfer by bulk
movement of the fluid, but occurring when the motion is
imposed not by buoyancy but by-same other force, such as
shear stress, whenva velocity gradient occurs in the fluid.
As will be shown, forced convection is also an important
factor in étmdspheric heat fransfer, but for the remainder
‘of this chapter the word "convection" on its own will be
used to méan free convection.

The problem of atmospheric convection is basically this:

ane URIVENSTR
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Of the shn's radiatibn incident on the Earth, only about

- 13% is directly absorbed by the troposphere, compared with

‘about 48% which is absorbed by the ground. Part of this
,48% 1s used in evaporating moisture, or in photosynthesis,

'but much is transferred’ to the first few metres of the
:atébspherevbyvradiation and conduction. This heat is
‘distributed to-the rest of the atmosphere by free and
forced convecticn: what is the relative importance of

- these modes, what is the form of the buoyant convective

“ elements, and‘what'gactors éffect them?

This éhaptér revievs the.méthods.of investigation and
the present_évidencé on these questions. The experimental

sﬁudy désc:ibed 1n'lé£er chapters concerns only the lowest

feﬁ metrég of the atmosphere, but this survey is necessary

pot only to set the méasufemehts made in their context in

regérd to the rest of ﬁhe trcé%phere, but also because

| similar meaéurements made by other workers have been

interpreted in terms of, fo:-exaﬁple, cellular structure

in the whole reéion béiowvcloud-base, and this must

‘therefore be reviewed,

1.2 The Nature of the Evidence
Direct measurements of the most iﬁportant two
| parameters in determining convective structure, temperature

gradients and vertical air velocity, can only be made from



'inStruments'on an aircraft or'on a structure attached

~.'.to~the ground, although»huch ipformatién can be gained

from indirect methods, Béfore the mgin theories of
'>coﬁvection are compared,'the methods of gaining evidence

' for them.must be mentioned.

1.2.1 Powered aircraft -

vf These provide the best evidence available of
atmoépheric sgructdre above a few tens of metres.
- Temperature and humidity can be measured with probéa,and
beﬁfical ai:fvelocity by detecting the vertical
Aéccélératibn of the aircraft. By using quick-response

Haépératus, features two or three hetres in diameter can
_ be resolved.' This method has the advantage of allowing a
. survey of a fairly large area_qﬁickly, and comparisons can
be made of the thermal structure over different surfaces,
-fbr example. Although the measpiements are reliable, the
picture a flight gives is basically one-dimensional, along
the line of flight. Attempts have been made to overcome
this. It is possible, for examéle, to try to detect the
'same thermal structures at several heights by flying along
a constant heading, and then ?eturning to a point more or
less above_the starting-point ﬁhile allowing the aircraft
to drift with the wind, andrthen flying back along the

- original heading. (This method was adopted, for example, by
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Grant (1965)). Also, a véry limited picture in a
horizontal plahe can be ohtained by putting instruments
on-different parts of theiaircraft (Warner and Telford
(1963)). Where a very large number of results is

available, statistical analysis can yield a fuller picture,

1.2.2 Gliders

Much infbrmation on "thermals" (i.e. regions of
buoyant‘rising.aix) can be obtained from sailplane pilots,
'who‘rely on thém to_gaih height. (A glider is any
engineless aeroplane; a sailplane is one designed to gain
height by "soaring" in thermals or wave;clouds behind
fidges). Such infofmatiOn is, however, unsystematic and
limited. The pilot usually measures ailr-speed and vertical
speed, and can therefore report>on such factors as the
~distribution and strength of thermals, the altitudes at
which they become apparent and die away, and their relation
to clouds. Likely "hot—spoté“ ~ features on the ground
which act as sources of thermals - and their variation with
time of day and other factors are well-known to the pilot.
However, the glider moves with the air, and the information
is limited by this. If 1lift ceased suddenly, for example,
it would be difficult for the pilot to tell whether he had
flown out of the side of a "plume” or drdpped through the

bottom of a "bubble" of rising air. Por this reason, most



i glider pilots, when quéstioned.sPecifically'about
structure of thermals, tend to support whatever theory

* of convection ié currently popular. For example, Rainey
(1947); intefpreﬁed his flighté’in terms of cellular

. ccﬁvedtion} which wassfavouxed éﬁ-that_fime. On the other
o han&; Yates (1953} accoungéé.fbr gliding data in terms of
thé’“eroding bubble" theory published that year, but
:Séotér (1957) and Woodward (1959)'both feltkthe gliding

| evidencé supported.the'ﬁéntraining bubble” theory.

‘,;It might be expected that more vaiuable information
might be gained by 'readiné between the lines" in more
‘informal liteﬁature designed for fellow enthusiasts rather
‘ than'meteoroloéists. For tﬁis reason, tﬁe author has tried
" to read widely in gliding magazines and other literature.

~ The resﬁltsfof this are reported in section 1.4.

One tool which might possibly be applied to exploring
ihermals, vwhich does not yet seem to have been used, is one
- of the poweredﬂsailplanes now available. These carry a
_small engine which enables them to fly like any other
'éowéred ajircraft, but when the engine is switched off, they
have'sufficiently good -aerodynamic performance to soar.
This sﬁould overcome the iimitatioh imposed on gliders of
havihg to adapt their flight path‘to maintain height, and

should allow more systematic work.
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1.2.3 Birds and insects

Many species of bird take advantage of thermal
A'upcurrénts, and some types, such as vultures and cheels,
iely on thermals to soar. Woocdcock (1940) observed the
soaring of herrihg:gulls over the sea, and his
Observaﬁions of the'relation of different methods of

| soaring to wind and temperature conditions were later
explained very neatly by Priestley (1956) in terms of the
plume theory. The eroding bubble theory was also supported
‘from the bird and insect observations of Hankin (1913) by -
Scorer (1954b) . To some extent, soaring birds make
convection currents visible, and can give useful
information on their distribution, strength and vertical

" extent.

1.2.4 Fixed=-site investigations

Observations of atmospheric parameters from towers on
: the-ground have been used to make deductions about
convective processes. The advantages of this method are
"attréctive: the instruments do not move relative to the
:ground, of course, the construction and installation of
'méasuring equipment, of power supplies, and of recording
'apparatns are relatively easy, and the whole operation is
cheaper.' However , measurements are usually limited to the

bottom few score metres of the atmosphere. The plume



theoiy is based on tower measurements, but the height
limitation ha; so far prevented detailed extrapolation
.‘upéards. This limitation has been overcome by using
moored baliooné (Jones and Butler 1958) , but the greater
the height of the support for the instruments, the

4 greatér thé danger that it will interfere with the

phenomena it is to investigate.

1.2.5. Water-tank experiments
: The extens1on to the atmosphere of observations made
in liquids was the basis of the theory of cellular
convéction, and these experiments will be mentioned in
‘section 1;3'1. In more-recént‘years water-tank experiments
vhave been used to provide valuable information for the
bubblé theory (section 1.3.2). However, the differences
betyeen a water~-tank and the atmosphere do not need
emphasis. The effects of boundaries, the large
differences between air and water of denéity, sur face
tension, viscosity, thermal conductivity, and specific
heat méke interpretation difficult. In a liquid, viscosity
decreases with temperéture; in a gas it increases. Moreover,
'conditiohs in water-tank experinments are generally much
steadier than they are in the atmosphere. Information
can be obtained from these experiments on general
4 hydrodynamib processes which may take place in the

B atmosphere, but care must be exercised in drawing conclusions.



'1.2.6 Cloud observations

Photographic and visual observations of turrets

growing from the top of cumulus clouds have been used
- as eVidence about the behaviour of similar rising
,masses of air below cloud-base. However, these turrets
‘frequently grow into stably-stratif;ed air, and they may
. also be cooled at the outside by evaporation of the
cloud droplets, and so the conditions are considerably
different from those of masses of air rising from‘the
.groﬁnd._ In recent years, more vaiuable information has
been gained from satellite photographs of large-scale
- . cloud patterns indicating<some organised convective

;behaviéur.b This will be dealt with more fully below

' (section 1.3.1), as will the familiar phenomenon of

" "cloud-streets" - long rows of cumulus cloud.

1.2.7 Radar
o Radar is now a famiiiar tool in disturbed-weather
' meteorology, but in the last few years it has become
apparent that centimetre-wavelength radar can be useful
in tracking tefractive index changes in fine weather.
The results do not at the moment f£it in very well with
any of the currently-favoured theories of convection, but
-they will be discussed under the bubble theory, which

they seem to support most closely. It is to be hoped that



o
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this method, which alone seems to offer the chance of
simultaneous observations over a wide area and depth of

atmosphere, will yield more information in future.

1.3 Convection Hodels

As ﬁas‘already been indicated, theories of
atﬁospheric convection are based on three models: the
cell, the bubble, and the plume. The evidence for these
interpretations, and the relations between them,will now

- be considered.

"1.3.1 The cell theory

Cellulai conveétion may be defined as a horizontally
periodic arrangement of upcurrents of warm £luid and
downcurrents of cooler fluid. An example is the Bénard
vcellular structure. A cooling liquid breaks up into a
pattern of polygonal cells in which an upcurrent is
surrounded by a region of downcurrents, usually when the
liquid is in a thin layer uniformly heated from below.

' This,phenomenon,is observed in many liquids, and is
particularly striking when the liquid carries a suspension
of elongated particles which line themselves along the
direction of flow, and are éherefore more obvious where
the flow is parallel to the surface than where it is

perpendicular. Aluminium paint thinned with turpentine,
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«whoée evaporation at the sutfaqe causes the temperature
| gradient, gives a good illustration. Cellular structure
also occuis in'layers of gaées, but here the downcurrent
 is at the centre and the upcurrent at the edges of the
;éeils; When a shear is applied to the fluid, the cells
éhange Shépe,vusuail§ forming long strips parallel to the
" direction oé shear. Thomson (1981) first described the
‘phéhomenon, but is was first thoroughly investigated by
Béhérdj(l9co). Rayleigh (1916) carried out the original
'theoretical‘énal?sié,énd showed that the way in which the
‘viscosity changes with temperature determines the direction
of motion in the cell, accounting for this difference
betweenAgases1and liqhids.
 The suggestibn thatisimilar cellular convection occurs
in the atmosphere was made by Brunt (1925), who pointed
. out the modifications that would Ee necessary to Rayleigh's
;théory. However, the much more complicated situation of
i the atmosphere, with such effects as wind-shear,'turbulent
ratﬁer'than molecular diffusion, and the lack of a firm
‘upper limit has made analysis difficult. Most writers
.seem to be concerned with whether or not cellﬁlar
coﬁvection could occur in a fiuid like air on a scale
:ECOmpaiable with the atmoéphere,‘rather than with whether
or nof,iﬁ does occur in ptactice. It seems fair to say

that a firm conclusion frcm_thé theoretical standpoint has
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not yet been reached. A coﬁprehensive account and
bibliography of attempts are given by Chandrasekhar (19£é).
It may be remarked that Priestley (1959) took the

condition for cellular convection in still air obtained
by Rayleigh (1916) and Jeffreys (1928) , and showed that,
in the atmosphere near the grouhd, free convection is
found to set in long before this condition is fulfilled,
‘indicating strongly that Benérd cellular convection is
unlikely in wind over land. |

' For many years éfter Brunt 's suggestion, experimental
évidence of atmbspheric cellular convection was small.
The familiar dapples and billow§ which commonly occur in
layer clouds were‘compafed with fheApatterns'in liquids,
and it was suégested that they were due to cellular motion
in the cloud layer (Mal 1930, Brunt 1937). These billows
form along the wind direction, and must be distinguished
from.transverse rolls, which are due to a vorticity effect.

“.It was also suggested that similar rolls between
cloud-base and ground would éccount for cloud~streets, but
this is clearly an over-simplification. Ruettner (1959)
has outlined a more convincing explanation, which is based
~on what'may still be broadly described as cellular
convection. According to Kuetﬁneq cloud-streets, long rows

of cumulus aligned roughly in the direction of the wind,
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are common over g ﬁgﬁepart% of the earth's surface, and
in some are the predoﬁinant t&pe of convective cloud. From
inspectionvéf many cases, he concluded that streets outside
the tropics occur when a polar high irrupts into the
"temperate zone, and is heated from below. The resulting
‘air;flow is frcm cold to wérm, with the high pressure on the
right. Kuettner showed fhat'the result will be a maximum
 windspeed in the convective lafer - not at the surface -
;and.little,chahge.of direction with height. He suggested
that the curvature of the wind gradient will mean that
ascending and deséeﬁding parcels of air will have opposing
vorticities, and that this will inhibit convective circula-
tions in the wind_direétion'in-favour of circulations
pérpendicular to it, giving cloud-streets.

 Confirmation of this theory has come from Japan in a
study of banded cloud and snbx;lfall bir Higuchi (1963). It is
~interesting ﬁo note that, due to the easterly progression
of weather in the north temperéte zone, the irruption of a
.polér high is much more likely on the eastern side of a
' conﬁinental mass, such as in Japan or the north-east
United States, than on theiﬁestern. This may account for
the camparétiVe rarity of'cloud-streets in the British 1Isles.
The author has noﬁed three exémples at Durham in the last
two years (16.6.65., 15.10.65, and 28.8.66. all near

midday), of which only the last, the most marked, occurred
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in the conditions described by Kuettner, with a polar
anticyclone over the Norwegian sea giving a ridge of high
preésure over the British Isles. Figurell shows the upper-
air records taken at Shanwell (Fife) and Aughton (Liverpool)
at 1200 hours on August 25th. In both cases there is a
maximum windspeed in the first 1500 m (although the

paucity of readings makes it difficult to be more specific
about the heighf); and a backing of windspeed with height
above the maximuh. 'The’othervtwo examples occurred in
‘ ¢onfused synoptic situations, with no clear distinguishing
featufes.  .

| “Durst (1932) interpfeted‘meaSurements ofvwindspeed
variations in terms of a;rolling'cellular.structure (fig.bZ).
The;passage of a cellkwall>(“gust front") would be marked
by the appearance of air from a higher level, i.e. colder,
with higher speed, and less turbulent. Although this
accouht was well-supported by the evidence presented in the
paper, there seems to have béen no substantial supporting
evidence found since.

Until high=altitude cloud-photographs became
available, the evidence for atmospheric cellular
convection, other thaniin cloud layers, was very small,
but when satelliteAphofégraphs began to be commonplace,
cellular cloud patterns were at once_noticed. It soon

became apparent that these were common, and covered
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iarge areas. They had presumably previously escaped:
-étrention because their size was too great to be obvious
to ag.individual observer, but too small to appear on a
'-eynoptic chart. Typioally, they consisted of cumulus
'clouds.arranged in rings 30 to S0 miles in diameter,
cloud groups, or cloud bands. A simple Bénard structure
1seeme§ to be precluded both by the diameter-height ratio
.*(an order of magnitude larger than that usually supposed)
and by the fact that the rings, bands and groups were
| - composed of distinct individual clouds rather rhan cloud
masses. - '

Krﬁeger and'Fritzv(l961), described the patterns~and
analysed the conditions for their occurrence. Theee |
seemed to be a layer of moist air about 1700 m deep over.
an ocean surface warm enough to maintain the adiabatic
lapseorate_through the layer. Through this layer there
was little variation with height of windspeed_or direction.
The layer Qas superposed by a more”stable air;mass. Frenzen
(1962) interpreted these results in terms of two super-
imposed Bonard patterns of slightly different wavelengths,
In the case of the cloud groups, the patterns would be in
the unstable layer, interfering to give reinforced
upcurrents at intervals much larger than in the simple

‘Bénard case. Frenzen also accounted for the presence of
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individual clouds :ather-thanva mass. For the cloud
rings, one of the patterns would be in the unstable, and
.the other in £he,over1ying 1ayer;
Cells had already been-ihdicated under similar

conditions by the results of Woodcock and Wyman (1947)

and Langwell (1948), who all worked in the trade wind
‘zone, where~codl air was blowing over a Qarmer sea, It
is'intéresting to note thaﬁ of all atmospheric conditions |
this cérreéponds most closely £o>the circumstances for.
"the production of cells in a liquid: steady and uniform

- heating from below, and little shear in the convective
iayer. 7
| -ZAlthough the exact form of the_mechanism has yet to
be elucidated, it seems probable that scme form of
cellular convection is taking place in this case. However,
there is very little evidence that cellular convection
of the Bénard or Durst type occurs over the land below
cloudébase: the presence of wind-shear, surface height
irregularities, and non-uniform heating make some other

~

forn much more likely.

1.3.2 The bubble theory

Early glider pilots (e.g. Hirth 1933) saw thermals

as bubbles of warm air rising from near the surface towards

cloud-base. The support given to the cell model by such

fe!
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authorities as Brunt led lafer pilots to interpret
thermals acco;ding to this picture, but the bubble
'model was formally revived by Scorer and Ludlam(1953).
This formulation imagined the bubbles as having a
spherical top-énd a flat base, iike an air bubble
rising in watef.{Fié.'l.3a). Little air penetrated the
top, although mixing took pléce ovér this surface, and
- the bﬁbble»was thérefore eroded as it rose. (In this
‘ tﬁesis, this is referred to as the "eroding bubble"”
‘theory.) The bubble tended to sweep smaller ones in
.‘behindiit, aﬁdithese, énéjeroded cap material, gave a
wake'cooler'thén the bubble itself, but warmer than its
sﬁrrougdings;. When it had risen a distance equal to one
or t&o diameters, the bubble was all eroded away, but the
.'warm wakes of successive bubbles heated an increasingly
deep layer of‘air, which could then break éway as a large;
'bubble. In this way, successively larger bubbles rose
frqm a heat source, until they were big enough to reach
cloud-base, '
‘ This model was postulated t6 explain reports of
v ¢g1ider'pilots, and gained éuppopt~from observations of
cumulus turrets (Malkus-and Scorer 1955). However,
e#periments in water-tanks (Scorer and Ronne 1956), soon

" showed that this type of bubble would only occur if a
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buoyént aifﬁmaés.penetrated stably stratified’
‘éur:pundings. ‘Although this happens above clouds, it is
not, of course, relevant to con#ection below cloud-base
in unstable conditibns, and except for one recent piece
of gvidence, warrants no fufther discussion.

The evi&enﬁe concerned comes from observations of
',éanalpus radar echoes - "angels" - at centimetre wave-
'lengths, whose diurnal and annual variation follow
convéétive activity. Short-term variations show
.frequency incrégsing with higher surface temperature and
ZdecreaSing with.higher wind-speed, No echoes are
obtained for a surface>windsgeed greater than 10 m s’l.
These features-indicate some kind of convective
’diétﬁrbance, causing refractive index changes which give
: rise to the echoes. However, the echoes obtained are
such that they must arise eithexr from péint objects, or
fiom large smooth hemispherical reflectors with horizontal
baSes:; the objeqts are only in focus at the zenith,
although results at small angles to the vertical indicate
the hemispheres may have rough edges. The objects have

1

verfical velocities between +3 and -3 m s ~, with a mean

of +1 m s™1. The important discrepancy with the eroding
bubble model is, however, the size: the ﬁemisPheres have
diameters of 1-3 km (at heights of 1% - 3 km). This is

an order of maghitude larger than the thermals of glider
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pilots, and is difficult to fit in with other data on

bubbles. Perhaps it is best to reserve judgement on this

- phendmenon until simultaneous'meésurements of the

hemispheres and~temperature‘ffaVerses in the air are

availablé. A éurvey of results is given by Atlas (1964).
k'?ﬁe results of Scorer and‘Ronne, developed by

Scbrer (;957)~éndAWbcdward (1959), showed that a bubble

risiﬁg th:ough,an‘unstratified_environmeut wbuld have a

'~vo;te§;like motion with mixing at the front surface,

 some entraimment behind, and little wake (Flg. 1.3b).

This is :eferréé to here as the "entraining bubble"”

model, The vertical velocity of the core 1s about t&ice

the vélocity‘cf the bubble as a whole, and'at the edges,

thé'mction is actuaily downwafdé, recalling the observations

of some glider-pilots that "sink" sometimes surrounds a

%%rmal, By dimensionai analysis, Scorer (1957) found

ithe vertical %elocity Y to be related to the radius of the

‘largest horizontal sectién of the bubble B and the

Buoyanéy gﬁ by ”

v >_ w = D(qBR)E (1.1)

B has the}fOrm_density,difference divided by total dénsity.

D is a dimensidnless constant found'ﬁy experiment in the

water tank to 5@ about 1.2, ané cloud observations ine a

 similar value..
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The radius of the bubble is also found to be
vp:Oportional to‘its distance 2z ffom an ideal origin,

i z- aR (1.2)
:iand n is found to vary from one thermal to ancther, but
~ is approximately equal to 4.

Scorer {1958, p.174) shows that these relationships
give the potentia1 temperature lapse~-rate found
expefimentally in the free~convécti6n regine,
| ® L vk | (1.3)
 but this is, of course, a characteristic of any free
~ convection model that makes the similarity assumption
:j(Priestlej 1954). |
Experlnental ev1dence that bubbles of tie postulated

_ form occur in the atmosphere is small., There is some

. evidence from glider pilots (Sectiop 1.4), but this is

. '“sﬁbject to the doubts expressed in section 1.2.2. The

evidence from poviered alrcra-t is more useful and is

surveyed in section 1l.5.

As will be seen from the next section, measurements
on_ towers generally favour the plume model, but mention
| must be made of the results of Bunker (1953) who
measuréd temperature and vertical velocity at 25 m and
100 m on a mast, and interpreted his results in terms of

bubbles. It is difficult to see from Bunker's paper
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whether‘orluot his results are consistent with the
- plume theory. He found a typical bubble at 25 m to have
a diameter of 90 m, a temperature excess of %¥°c, and
. a-vertical velocity of 0.9 m s 1, At 100 m, the
bubbles were 1e85hfrequent, but more easiiy separated
:from the surrounding air, and commonly had a diameter of
500:m, temperature excess of o. 6 C., and vertical

-1

velocity of 1 - 1 dms . Apart from the diameter at

“-f-1oo m, which is rather large, these measurements accord

~ well with data from aircraft.

" In conclusion, the bubble theory would provide a
'eatisfactory picture of buoyant.convection, but
' .gconclusive evidence'of its wideepread applicability to
the atmosphere is lacking. A comparison of critical
evidence with'the plume theory will be made in section
‘1.6,

1 3 3 The plume theory

It has already been mentioned that temperature
:gradient measurements near the ground indicate that in
the free convection region, 25 «2*® | and that this
/prouortionality can be derived from dimensional analysis
without specifying the structure of the buoyant elements,
Below this zone, heat transfer is by turbulent transfer

'alone. Qualitatively, 1t'¢ay be considered that the

~
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“heat flux reaching the ground from the sky by radiation

must be removed from the surface by forced and free

 convection., (in fact, transfer of heat from the ground

to‘the air by long-wave radiation takes place over the
first‘two or three metres, and much heat is absorbed at
the surfade 1n;evaporation). :Cléée to the ground, Qind-
shear, and henéé»tuibulence,,is high, and the turbulence
p:ﬁduced is sufficient to;cé:ryitﬁe upward heat flux by
.forced\bqnvection. Higher_up, wind-shear is less, and
the more powerful mechanism of free convection must

sﬁpplement the reduced turbulence. Turbulence tends

4‘j td dissipate‘the buoyant elements, which therefore
. cannot survive for any appreciable time in the lowest
- . layer (Webb 1962). Webb (1958) detected a second

trénsition at which the potential temperature gradient

becomes very small, and beyond which the buoyant elements

penetrate with negligible dissipation or heat transfer

by turbulence (Fig. 1.4). The height of the transitions
increases with windspeed and surface roughness. Over

"1 the first will

gréssland with a windspeed of.S-m s
occur at about 1% m, and the second at about 5Q m.

| Although the form of the temperature gradients is
not uhiquely détermined by'ﬁhe type of copvective

element, it seems that some progress can be made by
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~considering the transitions,_and it is in this that

._ the plume theory has had some sﬁccéss. Priestley (1955),
andlyéing the results-of Swinbank, obtained the

relation between H* and Ri shown in Figuré 1.5,‘where

,c_iiméns‘ioniess heat flux H¥ - "y[(_ﬁ,(%)!‘(}i)% 1‘]

| and Richardson's number R, = (3 2%/( 3}%—)‘
. (H = heat flux per unit area,-ép ='spec1£1é heat at
cénstant‘éressure, T = absolute temperature, p = density,
u ='hot120nta; wind velocity).i The results élotted on
log sbaies appéére& to lie on twolintersecting straight
11nes,‘méet1ng at H* = 0,69, and ﬁi'a -0.03. If this is
'so,'ﬁhe obvious interpretation is that these represent
the free and forced convection regimes, for simple
analyéis-shows that in the forced convection zone, H* will
depend on height (i.e., on R;), but in tﬁe.free
convection zone it will be constant. The values of Ri and
H* at the transitionAremain to be explained.

Priestley (1956) considered which type of buoyant
eiement;would be most efficient at removipg heat from the
lowest layer, and concluded that a long upward moving
curtain would be most efficient, because its heat and
momentum would be dissipated in only one dimension,
wheieas a plume would lose heat in two dimensions, and a

bubble, the least efficient, 1n three. However, a long
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ﬂf,cuitaih Qas fereless likely te'be initiated in nature

) thanéa}pluﬁé, which might be tfigge;ed by'anv hot-spot
'_or“methanicai aisturbance. ‘Priestley therefore applied
the treatments of Priestley and Ball (1955) ~and Morton,
ATaylor and Turner (1956) of an axially symmetric plume
rising.from a hqt-Spot.' Using r as the radius of an

aeﬁﬁier'element, the equatiOhs~et continuity, vertical

| motion and heat conservation are, respectively,

n(w?) (mrr) o .

1t

. %_% (r“‘?) + _PJF(P ug‘.‘w’P) ‘ P -%e PS + %(r AC) (1.5)

it

%-%(fw‘ép) » 2 (rus9p) - -‘5’ :~°:.- ('F) (1.6)
(ur»éeradiai-velocity,'t vertical turbulent shearing
stress, F radial potential turbulent heat flux. Primed
>va1ues are the excess over the environmental values,

; indicated by suffix e’ Suffix o denotes value of the
- excess at,the centre of the plume. R is the radius of
| the.élume).
| | When substitution is made for the lapse-rate in
~ the free conveetion regime (equation 1. 3), these give a

solution which, for z = O, givev R = 0 and R%w 9 = 0,
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"indicating that,'énce a plume is triggered by a suitable
séurcée it.is self-maintaining. Physically, it can be
visualised driftingnﬁith the wind, merely drawing air

| from-the'lowest'laye¥. The solution, in the form given

' by Priestley (1959) is

R (gg)cr - | (1.7)
. ' 2 c\% '
e (% (31) 2 (1.8)
. ; B QI - v L
0. = (34 (=" | ¢1.9)

a,b,c,d and C aie constants, of_which the first four
-~ depend on the form of the radialhprofiles of %, v, and o'
assumed in the plume, Priestley (1959), also obtained

equations for the dimens;onleés heat flux maxima and

‘means: . L
: X Jadd\*
Mn\ "- (, 6‘4—) » (1.10)
Cand MY o HTg o (1.11)
vhere PR s h Al %7 5, 8L, ‘ (1.12)

Pvgnd;q are the relative masses of descending and
:asééﬁdihg air réspéctively. The barred values are
-'averagés over £h9 plume. Assuming Gaussian profiles of
;aﬂ gﬁd v, Priestley obtained a=de 2, b = 3; and, from
me#surement; p ; 0.53, g = 0.47, Hence, at the transition
4'“toffée convection, E* = 0.48. By another method,
Priestley (1956) obtained -R, = 0.035. These values
- compare with the experimental results of Swinbank of H* =
0.69 and Ry = - 0.03. On thé basis of improved
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measurements; Priestley (1959) suggested H* = 0.9 as
closer to the true value. |
These values were obtained assuming a Gaussian
cross~section for the plume. Experimentally, however,
Vul'fson (1964) showed atmospheric buoyant elements to
have the temperature prdfile
' _/ _'_1.‘,_-‘
T T (! ?a")
. It is shown in section 2.4.3 that this gives d = %, and
a similar calculation shows that a = % . Also,

Sf (K L% N ( ‘_" %_‘;).7‘0)4'

wr

) w R?
;_7 _ fj'):ar- 9,,: (' ;g‘)!{ ar
e - - RY

— k8

These can be integrated directly to give «: 5 v., and

I

¢ - %9, . Similarly,
Y [{L.\r('*/‘.‘v’ o' akr] /‘ﬂ
This can be integrated using the substitution r = Rcn®
giving
}ﬂUsing these relations, # = 0.42, and H* = 6.16, which
is considerably further from the experimental value than
_;hé result from the Gaussian profile.
Priestley also calculated the values for the

transition to linear convection ("curtains"), which, 1if

there were a suitable triggering mechanism, would take
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. place at lower values of lapse rate, and obtained H*

=1, 02 and ~R, = 0,011,

i
Wbodcock (1940) delineated the conditions of

windspeed and lapse rate in which seagqulls soared
linearly or in ci:oles, and Priestley showed that his
valﬁes egreed'well with these'conditions.

~ Vul'fson (1964) »fouxid experimentally that R «=2'B
which'disagrees with equationv(1,7). This is a serious
diso:epancy, and indicates a feult in Priestley's
: aroument;' In—ohe light of this, it is not surprising
that Priestley's derivation of H* does not agree better
.with'experiment, and that an attempt to graft Vul'fson's
temberature é:ofile onto}Priestley's derivation should
only meke matters wofee. Vul'fson also carried out a
' theoretical enalysie, which yielded the same form of
variation with z for ®, and w, as Priestley's, but also
gave R « =°, He did not proceed to obtain H*.
‘ Although these treatments show the plume model
explains the experimental facts fairly well, it does
not show it to be the only one which satisfies the
'results. A similar calculation does not seem to have
' been done for the bubble model, but until it is, we

'cannot be sure that it would not give as good a result,

The conclusive evidence, however, has been provided by
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‘Taylor (1958) who measured temperature fluctuafions
‘éimultaneously at several levels, and found that tbe
-same pulse could be detected at all levels. The
pulses reached the higher thérmometers before the
=lowér, showing that the structure was a plume leaning
in the direction of the wind, with a moving source.
Because the warmer air wduld move to the upper side of
a leaning plume, it is to be expected that the back |
edge of a temperature pulse on a record would look
sharpér than the leading edge, and this is the case
' wiﬁh‘Taylor's recorés. A rising bubble would probably
| not impinge on all heiéhts, and would certainly not do
g0 in the order observed.
| 7' Ment1oh may be made”here_of the results of Bent
rénd Hutchinspn (1966), who meésured space charge and
other parameters at 1 and 19 m on a mast. They found,
 ;§ convective weather, pulses of charge éorrelating with
vinéreéses'ig temperature and decreases in windspeed
Vpiqéely resembling the'recoféa“of Taylor and those
i;lﬁs‘t'rated by P.riestley"- (1959, P.68). Bent and
: Hutéhiﬁsqn suggested some form of cellular convection
fmight explain their resﬁlts,‘but it seems clear a better
'explanationAis provided by the plume theory. If this is

correct, the result is important fer two reasons:
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firstly because the space-charge pulses appear to
give very cleér indications of plumes, énd secondly
because these results were obtained over quite broken
countiy, whereas most previous sites have been chosen
for exceptiqnal flatness. The main object of the work
deséribed in this thesis is the further investigation
of these pulses. '
v' ‘At higher levels, as has already been remarked,
‘the evidence is ambiguous. The only attempt to
correlate verﬁical velocities at different levels
- seems to be thaf of Angell (1964), who worked at 200,
530 and 860 m on a barrage-balloon cable, and correlated
the cospectra and quadrature spectré betﬁeen levels. He
found that the spectra were related in a way which
certainly indicated the plume theory'rather than the
bubble, although again the evidence is not conclusive.
In conclusion, there is strong evidence that free
plumes, i.e. plumes whose sources move with the wind,

occur in the first 50 m. At higher levels, the evidence

is wesaker.,

1.4 Informal Gliding Evidence

As mentioned in section 1.2.2, it is difficult to
form a consistent pictﬁre of thermals from the formal

reports’of glider pilots, perhaps because conditions in
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fhe.atmosPhere are so*variabie‘anyway; However,
despite all the contradictions,vcertain general
patterns can be seen from the mass of incidental
mentions c¢f themmal conditions in accounts cf flights.
 Uas regards the formation of thermals, the features
on the ground which act as sources of rising air are
well known, and easily explained. The most marked of
these is variation of slope of the ground, because
'slopes;facing the sun get hotter than flat ground or
shaded slopes.. For this reason, unlevel ground gives
stronger thermals earlier in the day than flat ground
(MacCready 1961; Welch 1953). Soil type is important:
for example, patches of chalky ground are said to act
as thermal sources, perhaps because of their lower
thermal conductivity (Scorer 1958, P. 176). Smith (1963),
discugsing the effects of thermal updrauvghts on gas-
fil&ed balloons, remarks that the halloonist "must
'realize that a lake passing beneath him will tend to
lower his height in the daytime esenses A wcod will have
the'same effect, and so will marshland and sea. On the
\;tothef‘hand,.a town will send him up, just as a hot
cornfxeld will, or a stretch of tarmac."” Most of these

examples can be attributed to high or low thermal
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-conductivity. Scorer (1958;19.176) suggests that
cornfields act as thermal sources because ripe corn does
not absorb heat in transpiration. A strong source of
thermals, such as a power station or a south-facing
‘810pe, may continually initiaﬁe'thermals which are
therefore found spread out in a line downwind. Such
thermal streets may also arise without an obvious
source. These appear to be common, and may form a
large number 6f parallel lines (Welch 1953), presumably
resembling cloud-streets (section 1.3.l).

- However, most thernals cncountered by pilots
cannot be attributed to any particular source, and
appear to arise spontaneously.

Rearon (1965) relates how a retrieval crew drove
backwards and forwards on the ground below the glider
"in an attempt to trigger off the thermal®™., It is
difficult to understand this, although the idea may
derive from Scorer (1954a). Perhaps it is not meant to
be taken too seriously.

Pilots report that thermals carry with them all

" the expected characteristics of air originating near the

ground, even as far as smell. (It has been suggested
that soaring birds use this to f£ind thermals (Slater 1965)).

The structure of turbulence inside a thermal is said to
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resemﬁié that near the ground, and to be readily
‘distingulshed by the pilot (Welch 1953). It has been
suggested that some of these characteristics might be
used ¢ detect thermals at a distance. Especially
relevant to the present work is the suggestion that the
excess spacé charge of the risinéiair might give rise
‘to horizontal electric fields detectable some distance
away (e.g. James 1960). A method conmonly proposed is
tc have probes on the nose and tail of the sailplane and
to fly in the direction which gives the greatest
difference in potential between»the two (or the greatest
- rate of change of potential of one of them). -A

3

spherical bubble of air of excess charge 40pC m - (250

e cm-3) and fadius 100 m would give a field 200 m from

1, 80 this method may be

the centre of about 40 V m
feasible, but much would depend on the size of the space~
charge excess, and the response-time of the probes.

Ag would be expected, there is more confusion about
the shape and other characteristics of individual thermals,
It is generally agreed they begin.at about 200 - 300 m
: above the ground with a diameter of perhaps 150 m, and
increase in size with height. Bold pilots will look for

lift down to 100 m, however, and the limit seems to be

set by the necessity for the pilot to look for a landing-
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place before he gets too low. .Mbst thermals are
reported to have a temperature excess of 1 - 2%, and
have an upward VQiocity of up to 5 m s-l (Yates, 1953).
wWills (1961) says a thermal "can be most easily (but
rathcr‘inaccurately) ﬁisualized as a colunn of warm air
rising®, but most pilots today pay lip service at least
to the bubble theory. There seams to be little firm
-eviﬁence on the vertical extént of individual thermals.
It is usually difficult to szay whetherior not two gliders
at different heights are in the same thermal, because a

| continuous plume will have a considerable lean in wind-
shear, even if the bottom of the thermal is not fixed on
the ground. If a collection were made of photographs
taken when many.sailplanes were in flight near to one-~
 .another - for example at naﬁional championship meetings -
it might be possible to cdme to some conclusions on this
point. The author has seen only two relevant photographs.
| One ("Sailplane and Gliding® 16 (6, Dec. 1965 - Jan. 1966),
556) shows eighteen gliders circling in the same thermal,
" but apparently all at the same height. The other
("Sailplane and Gliding" 16 (4, Aug. - Sept. 1965), 312)

shows eleven sailplanes at different heights apparently in

. a column at an angle to the vertical. (Since the camera,

. was looking up through the column, and no horizon is shown,

it is difficult to be sure.) By comparison of the wing-
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span»with the diétfibution of gliders, the dianeter

'of the areas of 1ift can be estimated: in the first case
ii is about 480 =, and in the second about 290 n. These
-values are consistent with tﬁcse usually suggested by
“pilots, but much higher than the average dimensions given
by Vul‘Fson (1964), discussed in section (1.5). Pearson
(1956), writing of the "different” qualities of thermals
in Rhodesia, remarks how many times in the 1966

natiohal championships pilots would "slide in a few
hundred feet under, or over, another pilot who was
obviously in 4 ~ 5 m s_l 1ift, yet all they could

find was 3ink no matter where they looked". With the
‘reservation mentioned above, this seems clear evidence
for "hubbles”, It ig not out of the question'for
Rhoﬂesién thermals to be ”different“, since the nature
of the rising element might well depend on the properties
of the surface. For example, fh@ special type &£ fast-
rctéting plume which gives a "dust~devil®™ if it travels
over a dusty surface seems to form only in very high
lapse rates; such as occur over a desert surface.
Vul'fson's (1964, secticn 3.10) aircraft measurements
have sahown an inverse ielationship of témperature and
velocity of thermals wiﬁh latitude,.

Pearson also describes the thermals as being "in a
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.large area of surrounding sink". Buoyant elements
‘obviously riseAthrough air geherally subsiding to preserve
the mass balance, but there seems some evidence that the
sink may be concentrated immediately round the thermal.
-Yates (1953) describes this zone as being narrower and
weaker than the upcurrent. Howgvér, Williamson (1966) ,
says regions of sink are not neceésarily closely
associated with upcurrents. As has been seen in section
‘1;3.2, the entraining bﬁbble theory predicts a region of
~sink immediately surrounding the rising air.

Findlater (1959) cqmpared pilots' reports of
sqaring conditions over nine years with wind-shear and
surface wind found from meteorological reports and found
that a sheaf greater than about three knots per thousand
féet made thermals "distorted or difficult to use",
a;though surface windspeed appeared also to affect the
conditions in a raﬁher complicated way.

There are few reporté of thermal spacing, but
Garrod (1966) studied his own records and concluded that
the thermal diameter’and spacing increased with the depth
of the convective layer, and the ratio:.of the spacing to
the depth of convection was about 4.65.

In conclusion, it may be said that the most

consistent attribute of glider pilots' "thermals" seems
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‘to be their variety. They seem to form at about 200 -

3do'm, to rise at a few metres a second to cloud-base
6ttan-inver§ion, and to havé_diameters of a few hundred

metres. The evidence about the depth of individual

-thermals is not conclusive, but there is some limited
a ievidénce of bohsidetable vettiqal continuity. The rising

’ait sometimes seens to be surrounded by sink. The size

and speed of the air in the thermals both seem much
greater than the aQerage values measured by Vul'fson
(1964), réviewed ;n the_nexﬁ section, and this is all
the more surprising when h;s finding that the smaller
‘ﬁhefmais are generally warmer is taken into account.
In view of ﬁhis, the fact thét.glidet_piiots usually

report thermals to be much rarer than Vul'fson's results

:ihdicate_1s"not'surprising: they would seem to be

Qperat;ng right at the tail-end of both the size and

vertical-velocity:distributions.

1.5 Powered Aircraft Measurements

Aircraft traverses show that, in convective

conditions, there are discrete zones, like the pulses in

>Fig.-1.4, in which temperature, humidity, turbulence,

and .vertica;-v;;locity are all distinctly different from

the average.“These are clearly buoyant elements. Various

'wo:ke:s'have investigated them, but only Vul'fson (1964)
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'ﬁas measured enough_for arqleér‘pattern to émerge.
This section is largely a summaty of some of his
7~resu1ts, with which the‘ﬁeﬁshrements of other workers
are broadly consistent.

Vul 'fson measured temperature iﬁ tra§etses at
,va;ious standard heights (ldd;~300, 500, 1000 m, and
then at 500 m ihtérvals until thé teﬁperature pulses
| were no longer_distinct;'in later flights, 50 m was also
made a standard height; and in some conditions
fleasurements were also made at 10 and 30 m). On each
'.£light, meaéurements were made successively at all
‘standard heights, and the data were only accepted for
processing if measurements at all heights were satisfactory.
Despite this condition, acceptable measurements were made
of about So,qoorpulses. | ,

This large number allowed-érOper statistical
 treatment of the data, overcoming the draw-back mentioned
iﬁ section 1.2.1, that meaéurements_are made along a chord
’ -of the plume'of bubble, Eut mﬁst be related to the

'diametric properties. Vul 'fson processed his data in
A?this way for two possible models, the plume, and an
| leate»spheroidal bubble. Direct distinction of the

models could not_therefore be made fiom-the data, although
it could be inferred.
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The temperature profile of 400 pulses was found
. to be fitted well by
RGN
This profile was the same al&hg a chord‘as along a
diameter, and did npt*change-wltb height, It is, of
coﬁféé,»considerably different from the normal distribution
assumed by Priestley (1956) and others, and, as has been
sﬁéwn, this considerably affects the calculated values
of Hf and R, for free convection. No fine structure, such
as might be expected frdm the entraining bubble theory,
was‘noticed. |
Up to 300 m, it was found for both the bubble and
plume medels that |
' Rou 2/

‘ énd beyond that height R 1nctéased much more slowly. As
_Vul'fson notes this variation is theAsame as that found

' fo? refractive index anoma*ies from radar observation by
Norton, Rice and Vogler (1955). At any particular height,
.~£he distributién of R was'given by e

E(R) = m(ﬁ/ﬂ_o)b-&b(.- 'Eo)

;ﬁherevRo was the most probable horizontal radius at the

f;héighﬁ; and a and b were constants depending on z. Thg
. mean values of R at 1664m %ere 30.5 and 23 m for plumes

and bubbles respectively.
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_ .IAW o .

o Tthmaximumvtemperature excesses of the pulses
was'inﬁersely proportional to the third power of the
héight, decfegsing from about 0.6°C at 10 m to about
b.1°c~at 2000 m. A'prOport;on of the currents,
ihc:easing With.he;ght, was colder thah the environment,
Grant (1965) has shown that such curfents have a high
humidity,.which gives them buoyandy. |
| .The number of pulses decfeaéed with height,

corresponding at 500 m to 40 plumes km ™2

» or 620 n
bubbles km™>, wheie‘p is the ratio of the horizontal and
Aiertical radii. This is considerably more than the
nhmbérs given by glider pilots, who also state average
dimensions gfeater than thOSe above, as already noted.
The relative area of rising air also decreased with height.
The pulses were found to be slightly smaller and
waimer inihigh atmospheric instability, i.e. during
._fastvcloud déﬁiopmént, than in clear weather. However,
the number andArelativevarea of thermals, and the depth
_of»the convective layer were'all greater in unstable
.coﬁditicns. These changes were reflected in variations
':»with time of day, latitude, and underlying surface. 1In

the middle of the day, thermals were more numerous,

‘smaller, and warmer than in the morning and evening. The
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- greater instability at low latitudes,.and over land as
opposed to vater surfaces; nrbduced similar changes.
;(The_presence of more thermals_éoldergthan their
.surreundings ovet water waS'presnmably due to the
buoyancy gained from higher humidity )

- As would be expected from qliding observations,
hthermala over mountains were larger, warmer, but still
‘as numerous, as over plains. ‘Under these conditions,
| permenent plnmesvwere found ettached to hotspots, mainly
"1south-facing slopes. Hetspots on level greund, sueh as

:asphalt roads and ploughed soil, were fcund to be effective

. to only 50 - 100.m.

1. 6 Summary and cOnclusion

It is clear that the form of convection in the
AatnOSphere varies considerably-from time to time and from
_nlace’to pléce. ‘There is sttoné evidence that over some

4‘vparts of the ocean, for example in the trade-wind

fzenes, some form of cellular convection takes place,

’ 'although the exact mechanism is not yet clear. Over

land, ‘there is no evidence of Benard cellular convection
" below cloud-base, and the roughness of the surface, and,

'ilfmore-eSpecially, its wide variation in specific heat and

-H'conddctivity, and the variations with height found for

the numbers and dimensiens of thermals, make the
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presence of this type of convection most unlikely.

Near the ground, the evidence strongly suggests

f}that;plﬁme convection is the most common form between the
"fprced convection region and;é few tens of metres at .
least, although the work of Bunker (1953) may show that

. bubble convection sametimes occurs., The exact form of

the plumes remains in doubt. Vul'fson's (1964) discovery
. . ] 1
that the mean radius varies at 2" and not as z, and that

-theltempetature'profile is ndt_Gaussian,_makes Priestley's
',(1956) model in need of revisiog, although these data

.8till require confirmation for the first ten metres. An

.attempt to relate Vul 'fson's measurements to the heat-
A.flux measurements of Swinbank (Priestley, 1955) would be

tvhluable.

" at higher ievels, Vul 'fson points ocut that his

.success in explaining his results theoretically on a

;plﬁme model indicates that such plumes probably exist,

>a1though some other explanation is not excluded, and the
- ;ength of time (about half an houf) reguired for a plume

to propagate to the top of the convective layer would

seem to exceed the likely lifetime. His results,

.especially on the variation of radius with height, make
: same'transition at about 300 m poséible, and".this would

. agree with observations by glider pilots and other
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workers from éiféraft thatvthérmale often seem to fade

oﬁt at a few hundred metres and then reform. Whether
this ié a transition to bubbles, or to some other form
,'of ﬁlume, is unknown. ?hé success of Angell (1964) in
fcor?élating Qertical currents at'different levels suggests
plumes és the more likely model. On the other hand,
'dé3p$té the reservations expreséed about gliding evidence,

_ the general support of the gliding fraternity for the.

. bLbble theory cannot be lightly set aside.

There now seem to be sufficient data to justify a -
tﬁeoretical investigation of the possible decay of the
;  Vﬁ1'fson plume at about 300 m.
_ Experimentally, the situation is unlikely to be
' resolved except by the aircraft surveys of the bertical
velocity fine structure of therméls, to prove or disprove
the entraining bubble theory, and by simuitaneoué flights
at different altitudes, to do the same for the plume
- model, Another promising line;cf investigation is the
'exténéion to his work sugggsted by Angell, using at least
. oné'mbre barfage balloonsdownwind from the first, and
ébtaining many more results than he was able to. Until
these experiments are carried out, it seems unwise to draw

- any firmer conclusion.



CHAPTER 2

THE PRODUCTION ANDYTRANSPORT OF SPACE CHARGE

2.1 Scope of the Chapter

 The purpose of this chapter is to survey the
'1n£1ﬁence of electric fields, and, more fully, the wind-
sffucture on the distributionvof charge near the ground.
It ié not intended as afcoméletéraccount 6f'atm05pheric
épaCércharge, such as that given by Chalmers (1967,
Cﬁapﬁer 6).

v‘_é,Z.Production of Spacé Charge
| Space charge is a function of different |
_concentrations of positive and negative ions. If there
‘are ny positive and hz negative ions, each of charge e,
per unit volume, the Space-éharge density ¢ is given‘by
| o = e(n-n) (2.1)
» Ionization of a neutrai,medium always produces
:equal'numbe:s of positive and‘negative ions, of course,

and therefore no net space charge. However, local space

 }'charge may'arise 1f the ions are separated by an imposed

f';eieCtric field. This takes place in the atmosPhere, but

 a more important source in héavily polluted réQibns is

" the injection into the air of ions of one sign in

preference to the other, the ions of the other sign
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i'flpwiﬁg to_éafth,'é.g. via the walls of the furnace.

" 2.2.1 Charge Injéected into the Air

: .+ Various natural prqcessés»produce'cha:ge of one -

e li'sign preferentially in the.air. Several workers have

‘.éﬁpﬁn’ﬁhat‘snéw can causelsepaiation of charge, either
'.‘By7£riction §n;dry snow, 6r'byjmélti§g and sublimation.
- splashing water-drops, particularly in high potential

fléradients,.can.givercharge to the air, the'éign

' qépénding‘on #hat éf tﬁé potential'gradient;» Point
aiséhafge at‘elévated pointé;aléo produces charge,

,.whose sign égain depends on.fhe_sign of'the potential
- gradient, but is mdre'often'5031tive. Bursting of air
- bubbles at the éea surface is a source of positive
chafge;- Other natural sources are dust-storms, and
Vvolgahoes; | |

All these effects ére local, however, and, for
.almdst all the iime in heaviiy-populated areas, the
artif;cial sources produce more charée. Charge from
industrial and traffic pollution is more fully dealt with
in Chapter 9. This includes the positive charge from
steam locomotives, which has long been recognized, but
'Qith the paésing of the steam train from regqgular service,
'_ has;ceased to be an impqrtant source in this country,

_ compared with road traffic. Most charge from this Source
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- seems to come from diesel engines, and is positive,

According to Mt&hleisen (1953), chemical laboratories

- and gas-works emit negative charge.

Some other‘artificial structures produce charge
separation.j In high humidity, cordna effects on
insulators qf high-tensionlp6Wer-lines give hegative
ghargelto the éir (Chapter 8) .. Moore, Vonnegut,

" Semonin, Bullock, and Bradley (1962) observed positive

charge downwind of a television tower, where it had

presumably been concentrated by the electrode effect, and

'..thgniblown away. Accidental or deliberate corona
\'.dischargé atthigh-vcitage lines will also produce

‘charge, aé will, of coursé, sparking in electrical

:machinery.

. Mechanical effects can also sometimes separate
positive and negative lons, because of their different
j~mobilities. .For‘this reason, fans produce positive
icharge, and there is an excess of positive ions in air

diffusing from the ground..

2.2.2 Electrostatic Charge Separation

o (a) Variation of conductivity with height
- Ionization of the lower atmosphere is due to
radioactivity in the ground and air, and, to a lesser

extent, to cosmic rays. The first two influences vary
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ﬁith,height nearfthe groﬁnﬁ,;and the average resultant
variation in total ionization-rate in the first metre
‘over land, as estimated by Pierce (1959), is shown in
fig. 2.1. This ionization 1is not in itself space
chétge, of cdurse, but'it produces charge by one of the
}‘two>e1e¢trostaﬁic processes ¢ffpossib1e importance near
‘ the ground - the variation of conductivity with height.
- From the relationships of-potential gradient F,
conduction current il,_conductivity'k, space-charge

density o, and the constancy of conduction current with

height, |
EE @)
L, = FA (23) 24
;2,=OTA}.;. (W)
it follows directly that |
- . Eabty AM

A is related to the total ionization and mobility w:
Asoe(AgW < Agw) (2.6)

wheré:the suffix s refers to small ions, and so (2.5)

, implies that éldecrease of conductivity with height will

be accompanied'by negative space charge. The decreasing

ionization-rate shown in fig. 2.1 is likely to be

accompanied by fallinglcondgctivity, but the space charge

in'the,first metre is usually positive. This is because
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£he'assumption (2.4) that the donduction current is
.-chstant with‘height_is very.qqestioﬁable in conditions
of wind (section 2.4), and other sources of ¢harge
gsdélly mask the effect. (These two factors are, of
t‘éourée, linked.) Charge might be produced by this
proéeés at the edges of a layer of high concentration of
pqliution,‘if‘the pollution-ﬁére sufficient to affect -
theNCOnductivity, ahd.stéady'ehdugh for the quasi-static
_gtaﬁe equations to be applicable. The effect 1s, however,
impqrtant higher in the atﬁbsphére, at sharp discontinuities
_ of,conduétivity, such as the top of the exchange layer

(sagalyn, 1960),.ahd the edgés of clouds. A picture of
" the physical process by which this production of spaée
charge comes about has béen given by Chalmers (1967, section
2.29).

(b) The electrode effect '

| The other electrostatic source of charge péssibly of
'iﬁﬁorténce in the first few hetres is the electrode effect.
Thié:lé taken to mean here thé concentration of positive

'~char§e at a neqgative electrode, in this case the earth,

'._because the potential grad;ent_tends to remove negative

‘ions from the vicinity of the cathode. Since the
concentration of ions itself éffects the potential

gradient critiéally, and the relative concentrations of
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laége and small ioné, thé~variation of ionization with
height, and the convection current all appear to be
1mportant, the theoretical analysis is difficult, and
-has not yet'been successfully completed. The fullest
fattempt is that of Chalmers (1966 - 1967, I-IV). (This
wvas an attempt by series solution which was incomplete
gp.the time of the author's death. He thought that
figﬁ;ﬁﬁation of his method wiﬁhlthe further condition of
iéhe effect of the;convection?current, not so far dealt
with, might yield a camplete solution with the aid of
a computer. ‘(Chalmefs, personal communiéation, 1967)).
_ Not many measurements have been made of the height
'-variation of space-charge concentration in the first
metre. The only clear evidence for space charge produced
by the electrode effect has been obtained by Pluvinage
and Stahl (1953), and Rﬁhnke (1962), working over the
- Greenland ice-cap, vwhere the stratification is always
~ very stable, the ionization does not vary with height,
and the nucleus concantration‘is very small, Under the
- oftén'polluted conditiéns of the temperate zone, however,
the efféct seems to be usually undetectable.

| We may conclude that although the two electrostatic
‘effects'may be'detectable unﬁer the right conditions,

they are unlikely to bé’éignificant sources of charge
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:under the conditions of the measurements described in
fthis*thesis._ there they did occur they would produce

concentrations of opposite sign.

2;3'Interactions of Atmospheric Electric Parameters

Potential gradient, space charge, conductivity, and

the conduction current are linked by the equations
' ' JF

= "f; | (2.2)
A (2.3)
. V/;p | (2.7)

v ie the éotential of the electrosphere, and P the
columnar resistance of the atmosphere. Also, from 2.1
and 2.6, a change 1n.conductiv1£y with time may be
accompahied by a change of space charge; and, from 2.5,
ea‘change of conductiviﬁy from place to place always
involves space charge; The effect of changes with time
iniény of these quantitieé en the others will now be
.considered, to clarify the various effects likely to
' iacccmpany space charge.
| The immediate effects of changes with time in any
- ef the quantities for the region under consideration
‘may be represented by a diagram (fig. 2.2), the arrows
‘pointing from cause to effect; Jonic concentration

'éhanges may produce changes in either space charge or

‘A -conduct1vity, depehding“on how the relative concentrations
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of iarge'and small, poeitive and negative, ions change.
-Forrexemple; an influx of predominantly positive or.
negative'lerge jions fromAe §oliution source will change
"the potential gradient and the conduction current
'immediately, but not the conductivity. A sudden uniforn
:change in small ion concentration, producing equal
l:_numberslof positive and negative ions} such as might be
- produced byja burst of ionieing raaiation, will not
| affect space charge, but will increase conductivity
locally.' The‘effects here_are}more compiicated: the
potential gradient is decreased,}according to (2.7),
‘but the conduction current is not affected, because
potential gradient and conductivity in (2.3) have
| changed in. inverse prOportion.

- Fronm this it can be seen that short-term changes of
.pctential gradient can be~caused by changes in space
cnarce or conductivity neer,the ground. The exact
‘-spéce-scale on vwhich the above arguments apply depends.
on the‘assumption; in applyinc (2.7), that the columnar
iresietance is unchanged. This 1is obviously true for
;chancéeiin,conductivity over a few tens of metres, but
a very-largeescale change of'conductivity, for example
the‘coluhn of ionization produced by a cosmic ray

- extensive air shower, will affect P as well, and this must
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be téken into account. Tﬁejéboée arguments also neglect
~ ‘possible changés 1h’mobility;of'the emall ions.

. There is also a time-scale limitation. The
Sudden injéctién of space charée 1ﬁto a system in a
"quasi?staticvequilibrium (Chalmgré 1967, section 2.23)
_”wili immediaﬁeiy changevpotentiél gradient and conduction
rcﬁrrent~as shown above; However, all the space charges
“present will begin to movg-in the conduction-current.
 }afocﬁing thé field distributioﬁ, until a new equilibrium
is_éet up. This means that after the initial
-instantaneous ghange,'thereris a slow change to a new
equilibrium, with a time constant equal to E"/ A (the
-“relaxation time® of the atmosphere), the potential
gradient and condﬁction current changing together
(Rasemir, 1950). This implies that the arguments from
'fig,,z.z only apply for changes short compared with the
, reléxaéion time (abogt 16 min) . .However, Collin, Groom
and Higazi (1966) have shown that the changing of the
:éi: at the experimental site by wind is much more
- important thah electrical relaxation 1n~changes of

: cdnductivity, implying that, at Durham in daytime at
‘least, the quasi-static equilibrium is never attained,
and the time limitation is therefore not serious. For

~a site with horizontal uniformity of electrical
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conditions over several miies; this'conclusicn would
presumably noﬁvagply, becaﬁse the "new" air brought by
" the wind would not differ from the "old" blown away. In
long-term changes, the effects of changes in the
equilibrium of large and small ions, due, for example,
to thevintrodgction of morcclarge ions, ﬁust be taken
_inco accou%%._ ]

- As illustrations of magnitude of the effect of
space -charge on potenticlfgiédient, a horizontal layer

-3 (125 e em™d)

’

of space charge of density + 20 pC m
 one metre thick, would pﬁoduce c potential graaient
‘underneath of about 2.26 V m™l, The potential gradient
is-inversély prcpcrtional~to the conductiﬁity of the
" “air in wvhich it is measured.

The other questionéble assuﬁption in thc above
“arguments, that only the conduction current is

responsible for the transport of charge does not affect

short-term changes, but will now be dealt with more fully.

2.4 The Convection Currént

2.4,.1 ;ggortance

Discrepancies in conduction current values obtained

'by the direct and indirect methods, i.e. by measuring the
'qurrent to an exposed plate, and by calculating the

_5cur:ent from the conductivity ‘and potential gradiant,
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“have long»sucgested that the»transpo:t of charge by
- convective mocehent, the conﬁection current,-may be
‘”important in the first few metres. Chaloers (1957)
.-doubted its importance on the grounds of the small Space-
';cha:ge densities found, but “Law (1963) considered his
-:esolts required a conveCtion current, and the same
--conclﬁsion-seeme'to be reéuired bj the results of

_ﬁigaci and Chalmers (1966) , which will be taken as an

| illustration. o '
Measuring conductivity at three heights, Higazi and

s éhalmers found the foliowing_average values ( in.s:..1 m‘l):

L = =14 . : -14
~ at.the ground, 1.0% x 10 ~"; at 0.2 m, 0.93 x 10 ; at

- 1m, 0.84 x,lq'14: Measurements of space charge at the

* same site during the.semelperiod gave values of about + 10
B pC‘mf3 at l,mj(Bent_end_HutchinSOn 1966) , corresponding )
" to a chaoge‘in potential gradient in the first metre of

,about i \'4 ﬁ'l. It can be seen (equation 2.3) that these

- values thexefore lead to a decrease in conduction

‘zt:current with height in the first metre of about 30% and

m-?any positive space charge will make the discrepancy

12, 1.12 x 10712, ana

."bigger. The values are 1. 31 x 10
'?,l ol x 10 12A m 2,
The obvious conclusion is that there is a convection

"lcur:ent which combines with the conduction current to
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give a total.chaége transport independent of height.
‘It is important to ;ealisé that, since the condﬁction
curreﬁt tranéfers positivé charge downwards, these
fiéﬁres imply that a coﬁvection current trénsferring
positive.chafgg upwards decfeases with height. The
"_éigﬁ conventions for currents and space-charge density
gradients were given in the Foreword.

The pufp¢ée of thié section is not to attempt a
- complete thedéeticalrsolﬁtidn of the complex problem
: of charge trénsport, but.to show how measurements of
..8péce-chargegdensity gradiehts,'such as are easy to
make with £11tration appa:atus,.might enable the
practical célculétion of convection currents. The cases
a:of forced ‘and free convection will be dealt with
 separate1y.--

‘It is easy to justify the treatment of space charge
as-carried entirely by the wind. ~Small ions have
" mobilities of about 104 m st per V m™%, and large ions
about'ohe-twohunﬂredth of that. The average fair-
...weather potential gradignt should therefore give:small
~1

: idn$-é velocity Of'abou;51 cm s 7, which is usually

' fismall compared w;th'thé velocity given to it by wind-

' generated turbulence._'Aﬁ7111ﬁstration of the truth of
‘this is the success of Maund and Chalmers (1960) in
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' confirming experimentally the applicability of diffusion
"theory to space charge in much higher potential gradients.
'~ Por the same reason, the use of an earthed support for,
‘,say; space-charge measurement apparatus, does not

. electrically affect the space-charge stratification,

. provided the suppbrt is not tcoLhigh.. The conduction

current invoives a net movement through the turbulent

layer, of course, but this is an overall movement

occurring in a generally'almost-random motion.

2.4.2 Porced convection

Over any vegetated surface‘at appreciable wind-
spéed, “aerodynamically rough” flow occurs, in which the .
wind-speed pﬁofile is influenced only by‘turbulence, and
not by molecular viscosity. This is the cése that will
be considered. | |

By the usual arguménts, a turbulent transfer

coefficient Kﬁ can be defined for space charge, so that

. the convection current

. p:] - .
A (2.8)

| This is analogofs to the momentum flux equation, for

example:

| o, )
s o-pKa$3 (2.9)

"where;p is the density of air. K, and K are equal

under the same conditions, being properties of the field
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"of air motioh. A difference between these equations is

e that T is constant with ‘height, whereas it is the total

:current (1 & 11 + 1 ) that is constant. éecause of this,

-we can make no deductions from (2 8) about the shape of

kijj,. the sPaoeecha:ge density gradient.‘ The difference of

: Siéu hetweeu (Z.B)uand (2.9) ‘is a consequence of the
:éigu-conventions exoiaihedvin the Foreword.
| Because of the depéndence-of Rq.on u and z, it is
“more convenient to. express results in terms of a reference
>‘fvelocity, the "friction velocity u,, defined by
| .LL¥ = t %;I | (2.10)

;(The basis of this,definitiou is that experimentally T

- is ptOportiOnal to uz')~'From (2.10), it is clear that u,

" is a quantity independent of height, but proportional to
‘wind-Speed at a parficular héight.
Experimentally for aerodynamically rough flow in

neutral stability,

du L
= =
" Hence we can put T
] - U
B s e (2.11)

where 'k is a constant independent of surface, u, and z,
" known as Von Rarman's constaut‘ The wind profile is
obtained by integration: |

o
Pl
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where~ z, 1s another constant, the "roughness length"”,
'The magnitude of this depends on the surface, and is

' 'usually an order of magnitude less than the size of the
roughness ele:.xts‘.‘ Sutton (1953) gives typical

- experimental values of u, and z for natural surfaces,
| 1

the u, values being for a wind of 5m s~ at 2 m, in
" neutral stability. | |
' |  Table 2.1
RS . Surface | S By (m e} z,_(cm)
. Very smooth .V(mud flats, ice) 0.16 0.001
Grass up ﬁo 1 cm high (lawn) | 0.26 0.1
~ Thin grass up to 10 cm high(downland) 0.36 0.7
-'I'I'hick grass up to 10 cm ' 0.45 2.3
Thin grass ﬁp -tv.o' 50 cm o | 0,55 5
‘Thick grass up to 50 cm 0.63 9
Pram (2.9), (2.10), and (2.11),
o X
s vzu, (2.13)
- “1*1% (2.,14)
.Héhce, frongv(z.s),
| £ - (2.15)
O_Vand N i, = lzzu*‘%—“;

We are now in a position to consider again the
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results of Higazi and Chalmers. These require a positive
convéction currentkinpreasing wifh height, or a negative
curfent decreasing with heigﬁt; The resulté of Bent
and Hutchinsqn,:and otber workérs, lead one to expect
" a positive spéce charge whose density decreases with

:height, and this will fulfill the above conditions

provided that g-g: (--]z-'fn, where n>1, giving a negative

qﬁrrent whose magnitude decreases with height.
Bent and Hutchinson (1966) found that the space-
charge densities at 1 m and.z m, on the site where

Higazi and Chalmers worked, did not usually differ by

more than 1.6 pC m™> (the 1imit of accuracy of

'measurement). Taking k = 0.4, and J, = 0.5 m s’l,
(2.15) gives for the density difference between 1 and 2 m
: Tm :
B O | A
Ao = 5 I = 2. (MRSA units)
' fom ' '

Assuming 12 constant with height 3-m over this region 12
is less than 5;10-13A m'z, which is about half the value

for the conduction current at 1 m obtained from the

- results of Hagazi and Chalmers.' The walculations of Law

~(1963) show that ggrdecreases rapidly with z, and so

realistic attempts to calculate convection currents from
space-charge density-éradients would seem to be limited,
by the sensitivity of the apparatus, to the first metre,

~and can only give a mean value of i, over the height
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: renge measured. Simultaneous measurements of - are

' "_required to calculate Uy

 2.4.3 Pree Conﬁection’

'for the free convection éoné (section 1.3.3),
Priestley '(1954a) obtained by dimensional analysis, an

'fexpression for the heat flux _'. » SRR

‘ }8 ’lz o

= hp G (a)k ) ; . (2.16)

”fjwhere h is a dimensionless constant. By similar

*ffarguments, we can derive'an expression fbr the convection

"]fcurrent. It is reasonable to assume that the current i2

»jthrough a- 1eve1 z depends on z, the space~charge density
u,;lgradient 59: the potential temperature gradient %%,, and
’v'a factor including g which represents the expansion of
the air as it rises, and for a perfect gas, should
- appear as g/T Putting, then - = . .

% o« [W\P [ s

L £ (?i) (%)_(n)
"and‘equatiné'diﬁensions in the usual way, we obtain

.f' ‘.» L
_—_ + (Vi /a\t {w
w2 (3 (';) (3; (2.17)

- This is analogous to (2.16), with i, replacing H, and 3=

- replacing the "potential'heat gradient"” Cpp %%:. This is
what would be expected, since the same field of motion
"is réSponsible for the transport of space charge as for

- the heat transport. The same dimensionless constant should
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occur in both equations.

S Rewriting (2.16),
N ( ( PC%) (2.18)
Substituting in (2.17), | ‘, |
s'i H , ‘/'S -1 4
wer (2) (o) 32

.'(‘iﬂ’i\_'—" wy 35
Tpee) T e

A L .["__C'._.'T )!S :{‘*33
T ak*H

La

9

(2.19)

Priestley (1959, P.44) gives h = 0.9 as the best

S P : -
X experimental value. Putting g = 1,20 kgm m 3, Cp =
~1.61 X 103 J kgm -1.,‘ degC -1, T = 293 °A, g=9.8lm s-z,

29
=

(2.16) . Substituting these figures in (2.19) gives

= -1 degC n ! at 1m, we get H = 200 watts n™2 from

(MKSA units)
. 'ﬂs }"'
L, O 2 9 . (2.20)

For a difference of 1.6 pc m between l and 2 m as
before, 12 = 4.2 x 10~ 3 m 2, which is slightly less
than was obteined fof the forced convection case. For

" . experimental determination of i, in this case, knowledge

. . : 20 T

> of -@- is not necessary, of course; T, 53 , and 33 must
. W T

A be known, however,. 33 * 'S'i"'r' whereP is the dry

‘adiabatic lapse-rate. The accuracy of the determination
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is likely to be limited by the uncertainty in h, which is
perhaps kno@n fo‘t 0.05 (see Priestley, 1959, chapter 4).
" Of more immediate interest is the size of the
‘peaks‘1n>Spa¢e-charge density that might be expected to
coincide with Priestley's plumes, The treatment of
_Priestley and BallA(19SS), summarized in section 1.3.3,
can be adapted to derive the space-charge transfer,
-_finstead of heat transfer. Referring to that section,
the equations of mass continuity (1.4) and vertical
ﬁotion (1.5) are clearly unchanged. Rewriting (1.6),
; %:i(Cvr_w%) *%—;(Cv_r“fs_f‘)_ - % (’F) "~ (1.6)
(P is here the radial turbulent poténtial heat flux)
‘As above, since the same pattern of motion is responsible
ifof sﬁace-chatge transéért as for heat transport, it
'.séeﬁé reasoﬁable to fblloé the mathematical argument
v,_éfrprigétley and Ball, substituting the space-charge
“;dénsity for “potential heat“ density (i.e. Cpgla)
'ﬁhrbughout.i Only the parté of the treatment that require
f,.this substitution are given here.
' L"(1.6) becomes - . i }
%..z (arw) +§;(ru,c—) = -%.(r@) (2.21)
| “ﬁhé:é Q 1s‘the radiai spéce¥charge flux, Priestley and
Ball give (1.6) in terms of_the excess of quantities in

4 .
. the plume (denoted by ) over the environment (denoted by
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), which, ir adapted. form, gives
" . _
(rwa) +§ (ru,. ) ——; (PQ) -<rw-}—€ (2.22)
This can now be 1ntegrated in the same way as equation

(5) of Prieét],ey and Ball., The different condition is

"~ that as r é}o@,‘rQ-, w and ¢‘’-» 0, The integration

becomes
' 00 o N
i‘.%“rwc"q\r z - frw % AA" _ (2.23)

(-]

We need to make an assumption about the form of the
radial space-charge dénsity profile in the plume, We

/
asgsume g to be a function of r/R, where R is some linear

ol
characteristic of lateral extend, and m denoted the

'ax:l.al (maximum) value, i.e.

] [ -
- w(§) (2.24)
and the velocity profile by another function
2 - &v(%) , - (2.25)

'.-Th-i's gives from (2.23)
, . »
%i'_rrwn{(ﬁ) ol k(-,'é) dr = —'L

which, according to Priestley and Ball again, gives

-, {( ) ;‘% de (2.26)

d L ¥ L - }G
= R ‘bS,.\ c,. = dQW ?; (2.27)

where a is a profile constant, which is determined by £
“and h. They then assumed that the profiles of
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temperature and vertical velocity had the same form
(i.e., were "similar”), and thié fofm was Gaussian.
;Itiis reasonable to assume that the space-charge density
f‘profile is gimilar to the vertical velocity profile,
_but Vul'fson (1964) has shown - z/ 2)% to be a
much_more likely form than exp ( -T /2R . The
‘différéncé this makes is considered below, but, for the
moment, we follow the solution of Priestley (1956), and
‘assume | o
fohos e e (2.28)
- This gives the profile constant d = a.‘L;

For free convection, from (2. 19),

| ' . CoT -%| (VR
i =T ({;wu) 'C‘ “? (MKSA units)
Hénce, from (2.27) ol
d Q.o = 'a\ﬂ."w O(:I A (2.29)
A=

Prom (2.29) can be obtained the expression for the

maximnm space—charge excess in the plume:

6] -.
c'.i = o\) o6lie P (2.30)
' This is analogo{§ to the temperature excess equation:
9; T (%,A) C '! (2 e31) a-st ("i}

I% Lal i
where ¢ = (7) ("\Pcr) o
We decided earlier that the maximu probable value of

1é:between 1 and 2 m, on the basis of the results of Bent

and Hutchinson (1966), was 4.2 x 10713 A n™2, substituting
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i, =4 x10% 2 m'z, d= 2, z=1min (2.30), ve

obtain - 2 g

.
~

6',: - O.‘Llf- pC m-""‘_' (;\:’f‘e, m") (2.32)

g The corresPOnding value of e is 1%, which is

"of the right order of magnitude.

" Vul'fson’'s results on the radial profile can be

taken into account by substituting in (2.26)
% k. (‘_f‘/g.‘)‘i

‘Since this form of plume has a boundary at r = R, instead

of r = cq, the limits of integration become o and R,

giving . T
EY S P LT R e

':The left-hand side of this can be integrated directly, and

the right-hand side by means of the substitution r = Rm@d

The result is

A d Lw.ol R -4 Q‘i"; (2.34),
" and so, by comparison with (2.27),
o : 3
_Hence, from (2.30), at 1 nu 16 lo
| | 5. :Odé pC <> (e en

‘As was noted in section 1.3. 3, this nodel gives considerably

- worse agreement with observation than the Gaussian cross-

',section, as far as heat-f;ux'measurements sre concerned.

. . . : )
'g,> In any case, since Vul'fson found R « z 3, and Priestley's

../‘ V
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I;equations give R @ 2z, the validity of the whole
treatment is suspect. However,-the treatment does
Hgivé,answers correct tc'within:an order of magnitude

~ for the tempercture and heat-flux values, and the same

;-meaéu:e of égfcement can be ekpected for the space-

"__charéé densiﬁy values.:

2 4 4 Summarx
Applying well-known turbulence theory, the convection

-‘Current in the forced turbulence regime 1s shown to be

.pr0portiona1 to U, zlzi_(frcm 2.15); and, by dimensional

o ’analysis, in the free convection regime, to (H)"3 s 3;;
o oy
,'which is itself prOporticnal tO'E'T't(az P) f; (from

_2 .16 and 2. 19). In both these cases, a convection

“current ccmparable with the conduction current is

5A necessary before the space—charge density gradient is

;fdetectable with apparatus available at present.
" The ccnvection plumes postulated by Pricstley will
Iprcdnce.a peak in space~charge density, but one whose
g ;maéni#ude at. 1 m~isﬂwe11:below,£he random 5noise' of
‘l?gpccé;charcétdensity var;afions ucually measured in any
'lwécther;: Previous snace-chcnge measurements in conwective
Anuweather are discussed in the light of these conclusions in

Athe next chapter.



CHAPTER 3

PREVIOUS MEASUREMENTS, AND THE GENERAL PLAN OF THE
EXPERIMENT

;‘3;1'Previous Space-Charge Measurements in Convective
‘ Weather _

This section reviéws; as far as is relevant, the

measurements of Law (1963) , Bent and Hutchinson (1966),

and ¥hitlock and Chalmers (1956) .

3.1.1 The Measurements of Law (1963) |

Law's measurements are reievant to the theory in

L _ﬁhe'previous chapter, but only'incidentally to the rest
“of the thesis, and so they will be dealt with briefly;

| Law measured the‘positive'énd negative small-ion

| concentrations, and the nudlgus concentiration, at various
heighﬁs; the space~charge density at 0.5 m, the conductivity
below 0.5 m and at 1 m, and the potential gradient at 1 m.
He found thaﬁ the space charge was generally positive

Aduring the day, but negativg at night, and that the

' variation of the parametérs-with height required an
_appreéiable cohvection cur#ent. By assuming constancy of

~‘t$e_t6tal current;.with height, Law worked out variations

vof‘Space-charge dénsity with height in the first two

‘metres consistent with his results, and with the small

.1?afiation of potential gradient with height commonly
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' found.' The turbulent transfer coefficient K was not
‘measured, and Law's assumption of one value for daytime
and another for night amounts to assumed, fixed values
. for the wind-sPeed. This 18, however, a relatively
minor critlcism. In view of the low values of z, the
'implicit assumption of forced convection is probably
'juetlfied. The calculations are effectively based on
ﬂtheory simllar to that of. section 2.4.2, and cannot of
'course be taken as confirmation of the theory, except in
" a broad senee.:
ﬁaw also:caloulated, with some success, the likely
-'dlstribntione.of'emall ions ﬁith height under various
i cOnaitions, making aseumptions about the variation of
'loniratiOnAWith_height.- He does not seem to haver
' explained fully the sign difference between day and night,

however.

3.1.2 The Measurements of Bent and Hutchinson (1966)

:This experiment was originally desioned to detect
‘:spaoe-charge density gradients associated with a con-~-
'wvectlon;current. As already noted, it did not generally
deteot any. On some occasions, however, they seem to
have detected free—convective buoyant elements. During
the periods in question,'measurements were made of

.epace-charge density at 1 end 19 m, wind-speed at 17 m,
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‘humidity at 1,‘2 and 19 m, and temperature at 0.5,
1} 2 and 19 m. On days when free convection might
:ie expected, they found positive peaks of space-
charge density at both heights, freqsentiy 25 pC nd

ig ampliﬁude; coinciding with rises in temperature and
humidity at all heights, and less marked falls in wind-
speed. The temperature rises were often about 1%,

‘The vertical continuity and sharp-edged nature of
these disturbances makes it'very prbbable that they

' were due to some kind of plume of air rising from the

grqund. However, interpretation of the peaks in terms
of plumes like those postulated by Priestley faces one

major difficulty: the magnitﬁde of the space-charge

'='pulses. It was shown in the last chapter that the

plumes might be expected to give peaks of perhaps(§:i)
‘or @pc m~3, This is only a rough estimate, but is

E unlikely to be in error by more than an order of

'magnitude. The size of the pulses in the theory is

governed by the size of the space~charge density
:«gfadient, which, of course, was measured. It might

" be arqued that we do not know how this gradient varies

with height, and that it might increase sharply below

'l‘m. Law's (1963) calculatiohs show this to be so -~

_he obtained a gradient at 0.1 m of about 24 pC m 3,
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“Heneﬁer, eVen W1tn thistgraaient; equations'(z;zo)

Jand (2. 30) only give a peak of f1‘66) pC m 3. 'In view

of the uncertainties in both theory and measurement, it

would be unwise to say that these: space-charqe peaks
| do not arise simply from transfer of charge from close
'to the ground - it is difficult to see where else

:"the charge could come from - but the theory and experiment
*ﬁmust be said to disagree seriously.‘

. The average separation of the peaks was about 9 min,
;and the Spatial separation, obtained by multiplying

' this by the wind-speed, averaged 2.1 km. These figures
;&wiil'be,discussea'fntther in chaptef 6. Unfortunately,

; details~of the average magnitudes and durations of the
:peaks'were not given.e | |

'3.1.3 The ) Measurements of Whitlock and Chalmers
(1956)

' Working at Durham University Observatory, the site
used later by Bent ane Hutchinson,,Whitlock and Chalmers
't*found in fair weatner with some cumulus cloud, but not
in completely cloudless weatnet, positive peaks of
petential gra&ient of'amplitude about 100V m-l. By
<co£nelating the records from two field-mills separated
‘in the direction of the wind, and comparing the delay

" with the surface wind-speed, Whitlock (1955) concluded



69.

-that theipeaks were due to packets of space charge
moving with the wind at a height of a few tens of metres.
'The average separation in time was about 6.2 min, and
the average spatial separation 3. 4 Jm. '

A Whitlock and Chalmers. attributed these peaks to
'7‘vertica1 columns of positive charge carried up in the

-updraught of a convective process, and the magnitude and
.jshape of the peaks is approximately what would be
fvexpected from a vertical semi-infinite line of charge,

of density similar to that measured by -Bent and

"ff’Hutchinson in their plumes.

We may conclude that these results are consistent

' with those of Bent and Hutchinson (1966)._

"3;2'The General'Plan of the Experiment

'3.2;1_In3piration and Ob{ects

‘ - The experiment was originally conceived to
inveStigate the convective phenomena described by ¥Whitlock

" . and Chalmers (1956), to see over what distances the

'<;fp0tential‘gradient>pulsesnpersisted, as the spece charge

4~was moved by»the'wind, and to relate the changes to
-'ﬁeasurements of vertical air velocity. During the early
i stages of'preparation, the”results,of‘Bent and Hutchinson
- ilésé{;came:to,hand,‘and these changed the emphasis of

"the;experiment_SIightly‘ .It was decided to'try to confirm
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experimentally that the space-charge puises were a
convective phenomenon, and to relate them mdre

- _definitely to one or other of the theories of
convection, to define more closely the conditions
-under which they occurred, and, by simultaneous
1.measurements at separated points, to determine the
.lateral extent and speed of movement of the pulses. It
was also planned to repeat the observations at a site

~ other than Durham University Observatory, to confirm

.- that the phendmenon was not just a consequence of the

local topography.

3.2.2 Sites and Transport

Thekobservatory (Nationél Grid Reference NZ 267415)
stands on a small hill about 1 km south-west of the centre
of Durhan c1£y, with the land sloping gently away to the
horth and west, and more quickly to the south and east.
.Thé building is immediately surrounded by fields, but,
exéept to the south and.south-east, there is some built-up
area beyond these fields in every direction. The local
‘details especially relevant to the convection study are
described in Chapter 6. Atl km to the north of the
_ObServatbry passes the main Londoﬁ—Edinburgh east-coast
réilway line, and the main London~Edinburgh trunk road

(the Al) passes ¥ km to the west. In every direction,
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there are villages or small towns within a few

| kilometers. The North Sea lies 18 km to the east, and

:in on-shore winds the low cloud and mist it produces

‘frequently reach as far as Durham.

_ fhe.eite clearly differs:frow;the type usually

’ Seieoted‘for'conéection studies;.bdt'this is not

altogether a disadvantage. it would be useful if the

‘Lmeasurements made near the ground on very flatsites

could be confirmed here.

_ Permission was “also obtained to make measurements at
“Mordon Carrs (NZ 3226), ‘which is probably the flattest

f"qround in COunty Durham not dominated by industry, and,

apart from occasional small trees and low fences, is

- very flat, and rural. The main railway line runs through

d the area, but the open~pasture1and gives a good view

?'cf”;né line, and would aliow.anj'poilution effects from

"‘trains to be quickly 1dentified. The region is not as

¥_heavily populated as the coalfield immediately around

.d;Durham, and the nearest town is Newton Aycliffe, about

’i4k km west-south~west.

A long~wheelbase, hardtop Land-Rover, equipped as a

"_'mobile laboratory, was used as a base and for transport.

3.2.3 Principles of Design of Equipment

3;It‘Was.decided that the advantage of having fully-
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mobiie‘equipmeht, and being able to select and change
experimental sites at will, oﬁtVeigﬁéd_thé advantagés of
a fixed site, especially as éart of-the_object of the
_ experiﬁent was to confirm that the phenomenon
investigated was not a purely,localéeffect. This imposed
severe li@itations on the equipment: f£irstly, on its
_ physical size and amount, both because of the limited
carrying capacity of the Land-Rover, and the need to be
;able to set ﬁp or stow away the equipment in a reasonable
time; and secondly because of theineed to work from mobile
| ‘power supplies of limitedlcapacity;
o ',Measuréments made at the Observatory could be
| gupplementedfby the Observatory Meteorological Station's
“1hsgruments. At the other site, it was intended that
temperature; wind, and pqssibiy humidity gradients should
4fbe measured. .8pace-éharge'density measurements were to
“be ﬁade at 1 m, which, in viéw of the results of Bent and
Hutchinson (}966), was thought to be a sufficient height
J'to detect the convection effects. Besides the temperature
gradients, it was thought usgful to measure rapid.changes
"?of.temperatute, to relate these to the space-charge
B pulses. Provision wésVa1so-made to measure the general
 ambien£ brightness, to see if changes in the strength of
sunlight had anything to aq_t&ith'the triggering of the
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puiees, and the brightness of'the'sky-overhead, to
detect any relation between clouds overhead and up-
draughts on the ground, as suggested by Durst (1932).
Potential gradient was also measured.

One parameter obviously relevant was vertical air
velocity, and some time was spent designing and partly
constructing apparatus t0~measure this. Before the
- epparatus was complete, however;'the author had the
‘opportunity of a conversation with J.W. Telford, of
C. 8 I.R.0. Radiophysics Division, who advised him that
variations in vertical velocity were so changeable,
especially near the ground, that the difficulty of
measurement was barely justified. For this reason,
.greater priority was given to other equipment, and this
apparatus was'never f£inished, although measurements of
thié quantityHWere made later,'by a more primitive method
'described in Chapter 6. ‘ A
| - So that the same puises could be identified at
different places, three field-mills and quick-response
" thermometers were made. Ideaily} space-charge density

ﬁwould have been the quantity measured in this way, but

| this was prevented mainly by the cost of the equipment,
eSpecially the’ electrometer needed with each collector,
" and also the size and power consumption of the apparatus,

~and the difficulty of moving it about in the field.
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“; When the. experiment was originally planned, it
was hOped to use an automatic recording system under
deve;opment by K.N. Groom (Groom 1966, Chapter 10), in
 ¢hicﬁ.a voltage signal between 1 and 10V from each
| instrumenﬁ would be converted to a frequency and
recorded in turn on a tape-recorder, to be played back
later, and automatically converted to punched-tape form,
eqitable for use as a computer data tape. For this
reason much of the equipment,éas designed to give a
.ﬁoitege outpuﬁ.ﬁetween 1 and 10 V, with an output
_impedence small compared with the 56>KIL input impedance
of the voltage-toéfrequency converter. Also, with this
system it would have been easy to handle a large number
‘of‘parameters, ana it was originally planned to use 27
recording channels. | |

However, due to shortage of time, this system was
”'enfortunately not completed, and 50 recording was carried
oﬁt-on a 4-chenne1 O - 1 mA galvancmeter pen recorder, of
'_ooillresistance 13 Rn , A “ielephone-exchange“
switching system enabled.any four of the parémeters to be
measured simultaneously, and in the circumstances this
twas found satiefactory.
The time constant of each piece of apparatus was

' originally designed bo be about equal to the cycling time
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of the propoéed automatic recording system, viz. 1O s.
This seemed a suitable 1ntérva; for the study - short
‘éndugh to bring out any large-scale structural detail
in the convection pulses,ibﬁt long enough to smooth out
many of‘the higher-frequericy changes - and so this was
the_reguirementVgeherally observed even after the

. automatic systeﬁ had been abandoned.

| The apparatus is described in detail in Chapters
4 and 5. | . |
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CHAPTER 4

'ms SPACE-CHARGE COLLECTOR

»e;d l Scope of the Chapter
LIt is not the intention to review here the various

.fvmethods of measuring Space-charge density, for which the

A;‘reader is referred to Vonnegqut and Moore (1958). In

thishwork,-a'filtration apparatus,‘similar to that
.described by'ﬁent-(1964,:and'1965 chapter 3) was used,

" and this chapter'is an account of its construction,

| ~u4testing, -and use, with the difficulties encountered in

"using the apparatus, and improvements suggested for the

”]designwof future instruments.

4 2 Construction and Use

The . detailed structure has been described by Bent
(l964, and 1965, chapter 3). The collector is shown in
figs. 41 and 4.2, .BaSically; it consists of a glass~
: asbestos filter, which capturesrthe ions as the air
. passes through; The ions in&uce an equal and opposite
charge on the enclosing frame of the filter, and a charge
of the same}sign and magnitude as the captured charge is
repelled to earth through the measuring apparatus, to

which the filter frame is connected. Both the glass-






'asbestos filter and a stalnless-steel-wool prefilter
are enclosed in an’ earthed coPper shield, which protects
'_them from the Earth s electrlc field (therefore preventing
.‘, diSplacement currents), but from which they are highly
’finsulated ‘ | '
| Two minor modifications were made to Bent s design.
_On his advice, the nose~cone vas. redesigned so that the

lintake tube was tapered to slope outwards, instead of

"A.inwards. This meant that any condensation in the intake

,.tube tended to roll out of, rather than into, the

collector. The other modification was made to the back |
support of the inner cone (which held the filter). The
-lsupport here vas by four brass rods attached to the front
'1support of the filter, which mated with holes in four
,insulators attached to the_back bnlkhead of the outer,
earthed shield. When the back cone of the collector was
removed, the bulkhead came -with it,:and it was very
’difficult to replacevitvsovthat the four ‘rods, which were
quite springy, because of their length, matched the holes
.-in the insulators. A brass mask was made, with four holes
- to match the holes in the insulators, and this was slipped
“over the top of the rods to hold them ‘the correct distance
ﬁ-apart to match the insulators. ‘This simple improvement |

" made the overhauling of the collector a much easier task.
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The meter used was an “Ekco" Vibrating Reed
Electrometer (V.R.E. ), type N616B - the. same sort as
' was used by Bent.r This cons;sted of a head unit, which
had: to be mounted with less than two feet of cable
 between the filter and the unit input, and an indicator

Aunit, which wvas mounted in a rack in the Land-Rover, and

"“_connected to the head unit by twortwelve-way cables,

each 100 feet long. The applied signal flowed to earth

12

. through a 107" resistor, and the instrument measured

'_the voltage acrosé'the resistor} The output-from the

 V.R. E was displayed on a panel meter, and as a O - 1 mA

'recorder Outth. The most oensitive full«scale
deflection of both outputs corresponded -to an input of

-15

3 mv, i.e. 3.10 A through the input resistor.

It was easy to_adjust the time constant of the V.R.E.,
simply ty putting a capacitor in parallel with the 10120

| reeistor, each.nF corresPonding to‘l g. The minimum

. allowablev.cepacitanoe was 1 Ps. For almost all the work,
ta'time oonetant of 5 s was used. It is important to
_realise that, because the signal was applied to the grid
:Of a vai‘e, and then ieaked ‘avay through the~10}2Jt
'resistor and the capacitor, the time constant applied to
the decay of signals, and not to their increase. A sudden

increase 1n‘charge density would,be'registered
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iﬁmediately; Eut a fall to zero would show as a decay

'with the time constant. | | |
To minimize the movement of the cable between the

.“coilecgo: and head unit, which caused piezoelectric

effects in the cable.ihsuleﬁo:,'the two were mounted
‘togethe; on a thick.piece of blockboard (fig. 4.2), and
'the connection made ‘using anti~micr0phonic cable in a
cOpper tube, vhich was rigidly fixed at each end, and
covered with a sunshade. These precautions against
»nbiee are described more fully in section 4.6.

During transport, the collector was mounted on the
inside wall of the Land-Rover, and the cables left
connected. Because the V.R.E. is supposed to take 24
heurs after switching-on to settle down, it was left on
almost permanently. In fact, it was found that the
device was quite usable half_an hour after switching-on
from cold: piesumably the instability shows itself
mainly in slow zero drift, which was not a source of
cencern, since short-period space-charge pulses were
‘being studied. If the V.R.E. were just switched off for
a few minutes, ten minutes warm-up was found to be ample,
and, in facﬁ, it was found convenient to switch off and
disconnect the cables while the collector was being put

out.
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iLIn.use, the‘collecﬁbrnwas'set up, ana{ after the
“.ﬁarm;up:period,;the V.R.E. was—zeroed.i_Aﬂrecord'was then.
.‘:fgaken for a feWiﬁinutes:with evefythiog switched on,
,;excépt the'faoo to cuCP éir.thrOugh the filter. This
jdetermined the noise level before the Space-charge was
ifmeasured. This noioe de*erminatlon was occasionally
Elca*ried out .at the end of a record as well, and it was
"fgcnerdlly found ‘that the noise had Gecreased consxderably,

{pre umably because both the V. R E. and tne power supply

"efwore more stable.

" In the field, the collector was mounted on a cuboid
,'adjustable~anglc frame (fig. 4.2) which supported it
;fuirlj rigidly 1 m above the ground

| It was sometimes necessary to check that the
~coilector and V.R.E. were working properly. The connection
. to’th‘e, V.R.E. could be checked byv charging the barrel of
.'.a fountain-pen by rubbiog it on woolen cloth, and

- 4inserting it in the inlet orifice of the collector. The
,ldisplécement cﬁrrent caused a“big deflection on the V.R.E.,
and -the decay of this deflection could also be used to

' check the time constant of the instrument. To check that
the co;lector was actdally measuring space charge, a
smoking cigarettc was helo in front of the inlet, and the

.charged smoke caused a big negative deflection.



- iuexcounteied. Bent was able to have a flow-rate of 3 1 s,

‘1~E4 3 Air flow-rate |

) . A reasonably fast air flow is desirable for two
;reaeons-'-because the sensitivity of the collector is

“jgroportional to the flow-rate, and because, according :

ln#to Bent, the air—speed into the collector inlet must be

' T§greater than ‘the fastest wind—speed likely to be
-1

:f:fbut in the present work shortage of power for the fans )

l

‘7;}limited the flow to 2. 25. l s "This was obtained by

55;:;having two lz-volt, 20 watt D. C. fans in series.» Both

‘fwere of tne centrifugal type, driven by motor-car heater-

fan motors, wnich were powered by a 12 - volt storage battery.

’_;ngang are supposed to produce copious positive charge, but

'?'Qfa test in the laboratory with the fan exhaust nozzle,

“s?about 2& em’ frcm the’ front of the collector yielded a

;vimcasurement of about - 10 pC m 3 as a precaution,

ifhowever in measurement the fans were separated from the
.aiicollector by about 2 5 m of 1“ oiameter rubber tubing, '
v%?anu placed downwind frcm it. ' _' j,
, The collector was generally mounted with its axis
v'perpendicular to the wind direction, to minimize any
effect of the wind on the flow-rate. | |

It was not possible to moniter the flow—rate

'_lcontinuously with a gas meter, as -Bent did, partly
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because of the room this would have taken up in the .
Land-Rover, butimainiyjbecause_a considerable pressure

-drop 1s required'to‘operate'such a meter, and its

- ’ihelusion~w0uld have very mhchrreduced the flow. The

flow—rate was therefore measured in the laboratory in ‘the
‘“i:followinq way, and assumed constant. By measuring the |
i_pressure-drop across the collector with a water manometer,
Viﬁand simultaneously'measuring the flow-rate with a gas
r'ﬂmeter, a calibration curve was obtained of flow—rate
) against pressure-drOp. Because it was possible to use
onwerful A.C. fans: in the laboratory, this calibration

ufocould be extended as. far as was desired despite the '

':_ large pressure-drOp needed to drive the meter. The gas

meter was then removed, and the pressure-drop measured
across the collector with the two fans used in the field
}Vsupplying the power. From the calibration, the flow-
rete could be determined. The calibration was found to
be almost linear, and the pressure-drop produced by the
fans was 6 cm of‘water,:corresbonding to a flow-rate of
2.25 1 s-l. Similar meesurements showed that the two
fans produeed a much greater flow when operated in
series than in parallel, end that the performance of the

dfans did not change appreciably with their position, i.e.,

. they .could be operated vertically or horizontally. The
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length of rubber tubing used was also found to be
unimportant.
| It was thought that the gradual accumulation of
dust in the filter and pré-filter might reduce the flow-
A_réte“as time went by. For thislreason, the calibration
Awa$ repeated after the readings of summer 1966 had been
- completed. - It was found that in the five months that
had elapsed since theuinitial calibration, the flow-rate/
| pressure-d:opvcurve had not noved éignificantly,
indicating that the filter characteristics had not
chéﬁged, and the flow-rate was not altered by this factor.
A more.se;ious-fault, which only came home to the
author towards the end of the experiment, was that the
speed of a D.C. fan, when running near the rated voltage,
1s-approximate1y proportional to the voltage. Thié
‘  presumably meant thaﬁ as the battery ran down, the flow-
rate.deCteased, énd, for this reason, the absolute values
of space-charge density obtaineéd during the experiment
are not known more éccurately than t 5¢%. However, in
. practice, the absolute vaiues obtained were not very
important, and, since changes from this cause would be

slow, the swift changes were being studied, the fault was

not thought a very important one.
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-1

With a. flow-rate of 2'25 ls -, a}reading of 1

BN\ on the v R E. corresponded to a space—charge density
of044 pCm» (2.8 ecm3) I

“j4 4 Test of Collector Efflciency '

. This experiment, designed to test the efficiency of
ffthe filter at catching small ions, was similar to that
-3'described by Bent (1964).» Basically, it consisted of

'measuring the amall ion concentration in a room with an
:?Ebert ion counter (Chalmers 1967, section 2.54), and then
; repeating the measurement with air sucked through the
‘fspace-charge collector. Measurements of the current flow
”ffrom the. filter were. not made.

The schematic layout of the apparatus is shown in

| ?ljxfig. 4 3. . The ion generator and counter were those

b-described by Bent (1964).“ Cardboard tubes were attached
| to the fronts o‘ the Space-charge collector and the ion
counter, so that each presented the same "catching area”
"to;the idn’generator.v When.the collector was removed,
Athe generator was moved to ne‘the sane distance (25 cm)
from-the front-oflthe counter as it was from the front

' of'tne collector. The pen-recorder was used to measure
R the'output from the counter”when the collector was
3:removed, and to detect the variability of the output.

lt was found, in fact, to be quite steady.  With the air
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paseing through the collectOr,'the reeding was taken

frem the panel meter on the‘V R E., as this was more

"'.1sensitive than the recorder.

'5;'for flow-rates between l 1 and 5,315

With the collector in position, readings were taken

1; and, with the

*;collector removed, between 2 9 and 6. 0 l s 1. It was

iﬁfound that with the collector in oosition no detectable

_foutput from the counter was obtained for any flow-rate,
’; and so the minimun efficiency must be determined from
}~ethe minimum deflection that would be detected on the
llpanel meter. This was taken as. 0. 3 mV on the 30 nV
f;“range.v The deflection Without the collector at 41 s -1
'.Uwas about 280 mV, and g0 the collection efficiency of .
. the filter for small ions is greater than 99.9%.

The efficiency of the electrostatic shielding was
also tested by recording displacement currents measured
‘-by the probe described by Groom (1966) , alongside the
output of the collector.- There was no noticeable
relationship. When a charged fountain-pen was used to
get a deflection on the V.R.E., as described in the
'.preVions section, it was found necessary to put the

barrel right inside the inlet orifice of the collector

‘tO'cauee a deflection, which confirms this result.



YFLTI4 NOI-TTWWS 40 NOILDIS-S50%)  Hh-4 79l

Fgar

...-._v_‘ , . v . SSYUY

sSyY9

INOD -IFSON
AN

01731107 FOYVHI - VLS



. 86,

e'4;55Attachmente'for thercollector
*Two:aevices were desiéned'to improve the usefulness.
of tho collector, one of which was used, and the other.

rejected as impractical.

4 5 1 The Small—Ion Filter

i} This was deveIOped in conjunction with K.N, Groom,
Egto enable.measurements to be_made of how the proportions
'iof'emall ané large-ions in fog varied with distance .
'7-doﬁnwind,from oowerélinefsunport towers. It oas,‘in
L;effeot, a‘miniature Ebert ioniconnter put on the front
"fof the collector, and consisted of a plece of brass
tubing about lS cm long and 3 cm in diameter (fig. 4 4).
:Down the centre of this was a piece of brass studding,
'iwhich acted as the centre electrode, and which was
' suspended from the outer tube by lacing-cord passing
| through holes in the tube.;_Beoause of the big difference

in mobility_between eﬁell and large ions, it was
poseible to apply enfficient'vcltage difference between

- thevtube and studding to remoye all the small ions
~-elec't:x:o:sta‘..::I.camlly, without arfecting the large ions

,significantly., Thus, measurements of the space-charge
density with the voltage switched on gave the large-ion

'¢: conponent separately. It was unnecessary to take the

'A~precaution usual with an ion counter to ensure that the
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'; entrance;of-the counter"ueSaat the potential of the

'surroundings, because it was not intended to count the
".’small ions - only remove or. repel them. _
_ When the filter was required, it was attached to.
'the collector with plaeticine and sticky tape, a
lsatisfactory but clumsy procedure that will be further‘
*remarked on. i section 4. 7.:: o

To determine the voltage necessary to remove all

":;Tfthe small ions, the collector, with the small—ion

"~¥filter attached, was shut in a room with the polonium

';*1ion generator referred to in section 4.4, until the

H5‘space-charge reading wes steady. Various voltages were:

’"ifthen applied to the oentral rod. ‘As the‘bias voltage

j’_wee increased, a greater proportion of the small ions‘

sﬂifilwas removed but when all the small ions had ‘been

~ -

':removed, an increase in bias voltage had no further

'”3_2e£fect on the space-charge density measured. It was

'F’?found that the critical voltage was about ZOOV "A.

o ;potential difference of 240 v was employed when the

; device wes used. 4

4.5 ‘2 The Front Tube -

The investigation of the space charge produced by

melting snow (chapter 7) required measurements to be
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'i?made of space-charge density at various heights.

riQ'In trying to avoid moving the collector bodily up and

‘down between measurements, a rubber tube vwas fixed to the
- front of the collector._ 1t vas. felt that ‘the tests
:‘lconducted by Eent (1964) w1th his two collectors in
- series, nsing rubber tube to connect them (R.N. Groon,

' jcpersonal communication), showed that the tube did not

“"ifgenerate charge. However, it soon became apparent that

A'-;Tthe sPace-charge density readings were not what would

jbeeexpected, and direct_comperison of_measurements by
.Tvthe collector and rubber tuhe'eith neasurements by one

" of. Bent's collectors, vhen the two were side-by-side,
W:showed that the rubber tube made the readings about

.50 pc m -3 more positive than they should have been. This
d*‘wae provisionally‘attributed to charges resident in the
rnhber. Later; the author'noticed the report by Nolan
- and Kenny (1953) of a similar observation, which they
:':exniained in terms of charges produced in the rubber by
bending, which'removed man§ ofvthe ions.

| Later, the possibility of using a brass tube

attached to the front of the collector by a short length
of flexible tubing was investigated. This time, due
) attentibn,nas given to the danger of ion loss to the

walls of the tube, which in this case would be by simple
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Hence, for a 2 m tube with a flow-rate of 2 x 10

m sH, h=7.4x10

89.

'mechanical‘endlperhaps electrical diffusion: As far

ae mechanical diffusion is concerned, Nolan and Kenny
(1953) give velues for the proportion of ions surviving

a journey aleng a tube in terms of h, wbere
' he wib

. : ‘LQ , .
(l is the length of tube, Q the volume flow-rate of the

gas down the tube, ‘and' D ‘the diffusion coefficient of

'f3 the 1ons )

Binstein (1905) gives _
N Uar4:
Df T el

(k is Boltzmann s constant, T the absolute temperature,

- w the mobility of the ioéns, and e the electronic charge. )

Taking k = 1.38 % 1072° J degC™l, T = 273%, e = 1.6 x 10
for small ions of mobility 2 x 107 m s per v n'L,

-6 2 1

7 st per v n1,

D = 4 7 x 10

and for large: ions of mobility 5 x 10

,e’ 'D.= 1.75 x 10 -8 m® g7}

-3

3671 3671 for small ions, and 2.7 x 107>

Elvfor large ions., Nolan and Kenny's table shows that

small ions should therefore suffer a loss of about 138%,
and large ions a loss very much less than 18. It is
interesting to note that these losses are independent of

the diameter of the tube, because although an ion does

~-19

C,
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. not have as far to travel to the walls of a narrower

"”;tube, it spends less time in'tﬁe tube for the same

) fidw—rate.‘ The diffusion loss is related to 1 in a
:.complicated way. R | | '
These calculations neglect the electrostatic
~~attraction of the tube walls for the ion due to the

,image effect, wnich may increase the diffusion rate, but

& :is probably negligible.

| Assuming positive and negative ions to have the

'1-same mobilities, the sPace-charge density values. will be

.iﬂﬁaffected by the same percentages as the total ionicv
-concentrations. We~canbthetefore_conclude that the

ﬂlsmall-ion space—charge_densitv would be reduced by

‘9;,ﬁorevthan 13%, and the large-ion'density'would not be

:' appreciably affected._ The small«ion filter could have
been used to determine the two space-charge densities
separately, and the: above calculation, and another for

| the electrostatic effect, used ‘to make allowance for the
loss of snall_ions; but in view of the uncertainties
-Ainvolved, and tne extra time the procedure would take
5-auring measu:ements in the field, it vas not felt worth-
‘while to use the tube. The idea was therefore

. abandoned, and gradients were measured by moving the

collector bodily uo and down,
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::446'Fault~Findihg oﬁ'the_Collector

:~‘; Althoughvthe soaceécharge collector is fuhda-
mentally a very sixple device, the very small currents
' Athat must ke measured mean that noise is very hard to .
'?eeliminate. Indeed, much of the time that might have
f,been used to take measurements in the early months of
;{ithe experiment seemed to- be spent in tracing spurious-
lf'signals or faults on the collector or V.R.E, This

section is included to help future workers to identify

o and correct faults more quickly. although. 1£ the

%i;recommendations for improvements in the design made in.

section 4 7 are adopted, many of the spurious signals

¥ﬁ‘,?ehou1d be eliminated

'f 4.6, 1L3f£ect of Wind

_ Bent (1965, chapter 3) reporteﬁ that wind interfered
N with the collector by causing vibration in the cable
g connecting the collector to the V.R.E. head unit,
producing piezoelectric effect in the insulator between

. the outer conductor and the core. This was found to be
_lan important,source of noise in the pfesent case also.
'.Co-axiai cable with a rigid outer condﬁctor was tried,

" but was foﬁndvnot to be very‘satisfactory, presumably

| because the rigidrconnectioh between the outer conductor

':'end'the insulator meant that every vibration was



92,

:trenemittea}to the insulation. Another metnda tried
'i['and_rejecteaﬁwes anti%micfophonic cable stapled to the.

wooden basé of the collector. The best solution was

1 founditolne:that of Bent" antimicrophonic cable inside

o

a. copper tube soldered at‘both ends to plugs connecting

. 'E-rigidly with the sockets on the collector and head unit.
lSoldering the tube to the plug vas found to be a °
'ﬁi"problem, because an iron hot enough to melt solder on
‘Hf,tne}COpper tube melted the insulation on the cable
’j*inside. However, since an electrical ‘connection between
' Tfthe tube and plug vas .not imnortant, it was found
- satisfactory to use a commercial "cold solder®, which
:tanpeared to be some. sort .of~ metallic suspension in an .
"g]organic solvent which evaporated when the solder had been

7 applisd..

Even with this arrangement, it was found that the

'..cable was still disturbed, presumably by minute wind-
 induced vibrations. Bent was apparently able to overcome
‘ this fault, but he had the advantage of being able to
‘mount his collector on a mast considerably more rigid
v; than the portable suoport used here. The signal from this
‘, source varied with nean wind-Speed, of course, but was
' sometimes more than 2 0 mV, varging with a time constant

’,‘of~the order of half a minute., The time constant was '
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-i!presumably a function of the time taken for the charge

produced 1n the insulator to leak to the conductor.

;41,I£ flexing the cable one. way produced a positive signal,

,-g_flexing it the other way produced a negative one, but in

}the field the noise signal might stay of ‘one sign for

' f“minutes at a time.d-

Fortunately, the ef‘ect ‘of this noise on the

~l_"convection measurements was not as, ‘serious as might be

;:fexpected, because, although it made accurate measurements
“eof Space-charge density 1mpossible in. high winds, the

. Space-charge pulses measured in convective weather had
‘.very sharp leading edges, and could easily and’

5iunmistakably be picked out from a wind—noise background.

4, 6 2 Effect of Sunshine

* Bent (1965) found that signels from his collector
l as clouds passed in front of the sun could be attributed

© to the expaneion and contraction of the copper tube

| ‘,'holding the cable from the collector to the head unit,

fcausing flexing, and therefore piezoelectric effect, in
" the cable insulator. He'succeeded in preventing this
~ by shading the cable,'but in the present work it was
'found that, although this improved the situatlon, it was
',by no means a complete solution.‘ It was found that the

’}sun:shining on the collector itse1f~gave a.large signal.
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.‘i::?éy.snadiné'different éarts of ‘the coilecton, the sun
Aiﬁ;nss<found to*nave,most'affection the front cone, although
"-_the disturbance was—by;no~means confined to this region.
| 1; bnfsome'days, the apparatus could be set np so that the
..fftont’cone‘wasﬁshadeazby_tne rest of the collector, and
5-asithe_sun<moved round_in‘the sky and began to shine on
,ztne:front cone, the noisevincieased considerably.
- It was only changes of light intensity that
. gave the signal' steady,_unclouded sunlight gave none,
Fig; 4.6 illustrates;the;effect; Channel 1 is the
irecord of the embience photometer, designed to detect
sunlight shining on the site, and described in chapter
- ;;l 5.: Channel 2 1is the space~charge collector noise
< fecord. From this and other records it can be seen
that when a cloud passed in front of the sun, the
| oollector signal showed a positive kick of about 100 mV,
| which then decayed towards 2ero with a time constant of
a minute or two.' ¥hen the clond moved awvay, the effect
was exactly similar, but of opposite-sign. The effect
was quite sensitive to chenQes of light intensity, and,
'aithough continuous sunlight gave no effect, it was
- noticeable on a reduced scale in "cloudy-bright® conditions.
The effect would seem to be best explained as

expansion and contraction of the copper case of the
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‘_:collector causing flexing of the connecting cable.

The sensitivity of the nose is hard to explain on this

.:basis- there may be some'affect on the insulator in

_the nose, although the form of p.T. F E. used is said-

_1‘not to show piezoelectric effects, it is more likely that,

for some reason connecteﬁ ‘with the way the collector

: was attached to its blockboard base, expansion of the

.:nose was particularly easily transmitted to the cable.
\Photo~e1ectric or thermo-electric effects, the other :
-possible exolanations, give even less satisfactory

- accounts.» They areianlikely to occur because all the

surface exposed to the 1ight is earthed COpper or brass, .

”,and, in any case, do not explain, as the expansion and
‘*'piezoelectric effect theory does, why going into

;'&5i¥shad°w produces a mirror image of the signal obtained

vhen the- sun first shines, ana why, in constant

_ conditions, the noise decays slowly to zero.

The collector was painted white as a simple, but

' rather optimistic attempt at a cure. This had little

iaffect, but it was later found that an even simpler

' ,expedient was much more effective. Aluminium foil was

loosely taped all over the outside of the collector,

leaving an air-gap between the two, and this very much

" reduced the.noise.
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v';ﬁ59A}though the noise?signals caused bf‘sunliqht
lkwere fairly sudden, they were not nearly as sharp-
- edged as the Space-charge pulses attributed to convection,

- and these could easily be distinguished. In any case,

{.:once the cause of ‘the noise had been identified it was

Leasy tO'monitor sunlight-changes by taking notes, or

'{,:by runnina the ambience photometer on a spare channel,

:f'sjand the sunlight effect was more a nuisance than anything

:else.

) 4. 6. 3 Insects in the Collector

This effect was also obtained by Bent (1964), but

;was only observed once during the present experiment.
According to Bent, small flies are sucPed straight onto
j‘the prefilter and cause no interference beyond a small
'gcontribution to the space charge registered. Large flies,
‘however, have sufficient strength to £fly against the air
flow, and nay fly man§utimes between the prefilter and
_the outer earthed shield." |

‘ Only one- record was- obtained which showed this. The
'j'effect lasted for about’ fifteen minutes, and showed as
rapid fluctuations, of amplitude about 10 mV, consisting
o£ a sudden fall in signal towards zero, followed by a
' return with the time constant of the V.R.E. Towards the

‘end of the period, the frequency of the oscillations
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;,aecrégsea, perhaps as the%fly weakened. -

4 6.4 Insulation Breakdown

S Because of negative feedback in the amplifier,

:‘the effective input impedanoe of the V R. E. is about

199., and insulation resistance in the collector must

12

f_?therefore exceed 10 .:L, Iu dry weather, this presented

:;1itt1e problem. P T F. E. is water-repellent, ‘and ‘the

~:“§;insulators were well protected from the- outside air, and. -

.:5?only got dirty very alowly. They were - periodically

”r:ifcleaned with trichloroethylene followed by absolute

':alcohol.i In high humidity,_however, and eSpecially, in

“thhe present study, in fog, a film of water formed over
Vithe surface of the nose insulator, and shorted the inner -
;cone, holding the filter, to earth. This process

5£generally took about half-an~hour s running. It showed

%"itself not, as might be though, in zero deflection on

iji'the v R.E., but because of the feedback characteristics

| :of'the amplifier, as a fairly sudden rise to a high

4';steady deflection, usually of several hundred millivolts.

Tk could'easilyrbe identified because stopping the

| collector fans would not affect the deflection.
A heating tape, sold to protect domestic water-
' _pipes from frost, was kept wrapp.d round the collector,

andiused.to werm:it. This was switched on when the
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collector was‘housed“ih'the_Land-Rover to dry it out
after'insularion break-down, and during the winter was
'-Eept'switqhed on-all the time. |

' 4.6.5:Broken,Filter Connection

-~ Its inacceseibiliéy'made'éhe connection betﬁeen the
: filter aﬁd'the-olog'on the collector outer shield rather
‘difficult to solder, and, under the strains experienced

‘by the instrunent in being moved about, from time to time
'ﬂthe‘connectionabroke."This fault, although usually
-:eesily recogniéed- is mentioned here because it did not
-3necessar11y mean no response to signal at all on the |
ﬁzVsR.E. 1f the two broken pleces of wire were still close

',h,together, a large oharge on the filter would register by

';"electrostatiobindQCtion‘between the:two pieces. For this

- reason, the “ben test" (section 4.2) would give a
positive response, although reduced in magnitude, but
~ the "cigarerte test® generally would not.

4 6.6 Faults on the Vibrating Reed Electrometer (V.
‘R.E.)

The V.R.E. indicator unit was fixed to the rack in
the land-rover by anti-vibration mounts; but, even so,
.7élo:no£‘reaot very well to the continual vibration it
Eﬁsﬁainedy and faults on iﬁ’were fairly frequent. The

Vﬁead unit also reacted badly to—being continuously moved
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' about. 'Another sourCe;of‘trouble was the 48 soldered’

: connections at the ends of the two lz-wey cables, which

B were also subjected to frequent strain. . However, the

"ﬂﬂmain source- of trouble with the V R.E. was the power

'ifit consumed £rom the inadequate supplies. The voltage |

ffifrom the transverter (described in the next chapter)

: *l.fell gradually as the batteries ran down, giving -

_“ffsymptoma of power failure” on the v. R E. . This showed

"“ﬂgitself first as a faet flicker on the meter needle,

”*f:followed. within a few minutes, by violent irregular

ifpfluctuationso or: sometimes a high fairly steady reading,

>3<and total lack of response to input. A temporary ‘cure

1gcould be effected by switching off and reducing the mains

‘voitage tapping on’ the instrument.

~;4 7. Recommendations for Futureinesigns

: | The greatest -sources of spurious signals were the
tiiwind and sun effects, both of which are thought to have
‘Aacted through piezcelectric effect 4n the insulator in
:'the cable‘connecting the collector to the V.R.E. head
n;unit;' WhennmeaSuremente‘were'made at_niqht in low‘winds,,

' as during the fog.measurements, the noise level vas
”often only two or three millivolts. Clearly, it would
'te a{great}edvantage if\this insulator could be~removed,

-rend this could quite easily be done by connecting the
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,*'filter to.the hea& unit by a single uninsulated vire.

It woula‘be necessary to enclose the wire in an earthed

T 3hie1d to protect it from displacement currents, but

'_this could be done by extending the outer cone -~ the

'qelectrostatic shield - of the collector to enclose the

| T;wire_and at least part of the head unit, or whatever

:ejrepleoed.if;~ ThieAwould'eake the collector more
'fidifficult'ana e#pensive to cohétruct, but the saving-in
";time in the field and the great increase in sensitivity

'vlcwould well justify it.

AF If space-charge<measufements with mobile apparatusv
| are intended the V.R.E. of the type used, although very
‘?sensitive, is clearly noﬁ very suitable, because of 1ts
>relatively high power requirements, and its bad response
- to movement. A solid-state circuitry electrometer would

"‘pfobably not be quite as sensitive, but would be adequate,
“'lighter to move, would travel much better, and would
probably be cheaper. '

' ' A small but useful 1mprovementvwou1d be a short

.fhreaded length on the inéide of the inlet orifice of the
collector. This'would faoilitate the attachment of such

" devices as the small-ion filter.






CHAPTER 5

. { OTHER APPARATUS

AS;I-The Land-Rover Installation

5.1.1 Power Supplies

- The Land-Rover power-supplies were originally
'installed by the previous user of the vehicle (Groom 1966),
iand were modified for the.present_use by the author. The
‘ source of powervin the field was four 12V lead-acid
ifostorage batteries, of 60 AH capacity each These supplied

i.a‘°Va1radio transverter, type 24/120T, which converted a

'”-*_24v 1nput to 230 v, 50 c/s, to drive the V.R.E. and pen-

“‘recorder motor. When the Land-Rover was not being used,

‘“the apparatus was connected to the mains supply, which

o then ran the V.R.E.,. and charged. the batteries by means of

-a battery charger in the vehicle. By use of switches, the
. batteries were all connected.in paraliei for re-charging,
and in two parallel sets of two in series, giving 24V, for

supylying the transverter, ‘and also the electronics* via

L a 12V stabiliser described in section 5 l1.2. The

transverter itself required about 55 w to drive it, and

B !the V R. E. about 65 W, giving a total current drain of

‘i about 2L A from each batter . The recorder took negligible

2oz 3973
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' The readings at the Observatory were made within '

'reach of a mains supply, and . 80 the transverter was needed

" only for the Mordon readings, and for the minor measurements,'
'such as the fog experiment., When the Land-Rover supply
v'was used it was found to be much less satisfactory and

'4:1‘have a much shorter lifetime (about four hours) than might

» »have been expected. -This may have been-due to the age of
.ﬂ the batteries rather than to an inherent shortccming of

_ the transverter. RV

5 1, 2 Installation of Circuitry and its Power Supply

Fig. 5 2 shows the layout of the.rack in the Land-

Rover. The panel at the top carried the controls, the
;anemometer counters, end the meter for the thermistors,
“?and, below these, ‘the” electronic circuitry, built on

\"”Veroboard' panels and readily accessible from the front.

Most of the electronics used a =12V, zener-diode

stabilized power supply, which was also installed in the

"Veroboard“ rack.

The input to all the recorder channels was through

-single sockets on the panel, and the O - 1 mA outputs from
the circuits in the rack were also carried to sockets on

. the panel. This meant that, by means of connecting plugs

and'wire, any of the outputs could be displayed on any of

'the recorder channels, giving the system maximum flexibility.
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s 2 The Field Mills '

Three mills were built, in case potential gradient
ehanges proved*distinct enough to enable tracking of the

convective plumes by this measurement.

5.2.1 Frequency Independence

The theory of the field mill has been studied by
'_several‘workers, most recently by Grodm (1966), who
éoncluded‘theﬁ if ﬁ and C are the'resietance and capacitance
respectively of the rotor-stator assembly (including the

' input to the amplifier), for practical purposes their

vvalues must be o
T : R_<<.\O 2

 C e 3';09‘:
One interesting aspect is the .condition which makes
'the:mill output independent of the frequency £ of the
' ;signall"The dondition 1e.usually stated to be
4 L ce 2RC -

Groom showed that this corresponds mathematically in the

-’(.
| - ¢

7!*;57 T

_theory to the approximation. i

and that this condition ie:fulfilled even if % = RC, Mr,
l b.R. Lane-Smith, of Fourah Bay'céllege; University of
F;_Sierra-Leone'(Personal cemmnnication, 1966) , questioned

theAvalidity ofrthis conclusion, andisuggested the following
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'approach.' IfrV'is the measured voltage from the stator
,A (the detecting plate) e I the current to earth, and ii the

angular frequency of the signal then

I/( + 4wc,)

. -J‘J‘-)/ ‘-\—wc)
LR(‘- Juce)/(“ g A ] )

Henoe, the modulus of V

) V,_ = IQ/JH—QCR“

 If Veo is. the voltage output for & = oo,

v

lvm' 1‘/wc' . :
M wer {'——“
lvd, :f / ] 4 e R

_:"-"VAs w éw, v -»Voo, and clearly becomes less and less
‘-:frequency dependent. ‘I‘his is. showr by the plot of this

- function (flg. 5 3) ‘
A rough experimental check of the validity of this

' ‘;"::'.;'-treatment was made, using a field mill and simple cathode-

':f‘follower circuit, putting the output from the follower

: 4-onto an oscilloscoPe, which was used to ‘measure the voltage

uand frequency. 'I‘he resistance and capacitance in the input

.‘:z_'of the oathode follower were 100 M.n. and 100 pF

'-'_-!_.respectively, and so, allowing 35 pF for the capacitance

' '.:-.‘of the rotor-stator assembly and cable, we have

0.: moM.n. S C= N\ PF
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The frequency was varied by changing the voltage to the
'A C. motor cf the mill, and the resultant outputs plotted
'con flg. 5.3. It vas necessary to assume a value for [Wm‘
':and this was done to give the best fit to the curve,
ltTaking into account the uncertainty in C, and the crude

'method used to measure w and \V\ the way 'in which the
“output declined with Eallzng frequency agreed well with .
.”the theoretical curve,

» From the~curve, we. can obtain reasonable working

-f;,limits for frequency 1ndependence. Assumiﬁg a change in

"‘output of 1% for a change in frequency of 10% can be

v»_‘tolerated, it can be seen’ fromrthe'curve that this is

- equivalent to_the.ccndition ‘

'-Pcf’§’= 100 Ma, and C = 135 pF, this corresponds to a
c'_eignal freqceecy of 28 c/s. For a four-vaned mill, the
?signal frequency is four times the ﬁill frequency, and
f”solthis means‘tﬁe mill motor must heve a speed greater
‘than 420 r.p.m. This agrees quite well,wiﬁh Groom's more
.etringent condition, which gave £>40 c.p.s.
It will be noticed that at WCR = 3, |v| 1s only 958
”of]Ww] Provided the mill 'is calibrated at its working

frequency, however, this does not matter. -
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. For practical calculation of the necessary input
resistance of the amplifier, the condition WCR>3 can be

wriﬁten, for a four-vane mill, as

--rz > ‘né/nc

where n is the sPeed of the motor in r.p.m., and C the
‘.capacitance between the stator and earth, usually taken
Aas the 1nput'capacitanee of the amplifier plus 35 PF. In
.this formula, R is in ohms ‘and C in farads. It will be
'.seen ‘that in most cases a very ‘high input impedance is
iunnecessary for frequency independence. .for a 3000 r.p.m,
:~meto:‘andxan aﬁplifier input capacitance of 200 pF, R

needs only to be about 12 M=,

'5.2.2 The Field Mill Design

, " For this experimeht_it‘Was clearly neeessary to have
a portable, self-contained mill, and it was decided to

use a D.C. motor driven}by5a eto#age battery, all enclosed

" .with the amplifier in one case. D.C. motors are liable

Vto sparking at the brushes, anﬂ the high input 1mpedance
amplifier makes it important to avoid any pickup on the

'1-tator, or the wires fram there to the amplifier. For

: “#his_reason,,the mill was designed to get the maximum
'separation betweenlthe motor and the stator and amplifier,
'7ahafhad;pe:malloy C sheets .as shielding where necessary.

The mill (fig. 5.4) was built on a frame %in. by %in.
: L : - A
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' by'%in. brass angle, clad in %in. duralumin sheets on

the outside, with ~lin. duralumin'forming the internal

16
divisions, with permalloy sheets attached where
apprOpriate. One large side was hinged, at the botton,
and so was the’ roof of the amplifier section, so that
removal of four screws gave complete access., The flexible
.1 coupling on the mill shaft allowed for any asymmetry of
| mounting of the motor, and electrically insulated the
shaft from it, preventing any Sparking pickup reaching

the ‘vanes that way. The leads from the battery were

) “‘shielded,lagain to_reduce risk of pickup.

”Fig;oS.S.is a photoéraph,ifrom the side without
‘hinges,‘showinc the controls; " The switch in the bottom

left-hand -corner controlled the motor,_and the two single

e sockets immediately beneath it were connected direct to

the battery,»so that this could be used as a power source,
or- recharged, without opening the mill. From left to
riqht alonq the top are the bias and sensitivity controls
(pre—set potentiometers reached from the outside by
screwdriver), and the two sockets for the amplifier output,
The other socket and plug acted as a switch for the
-amplifier power supply, and enabled this to be checked
:With'a mpter. Single sockets were used to carry the outputs

" from all,the apparatus, except the anemcmeters, and this
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”allowed the use of similar drums of twin flei, with -
. wander _plugs on each end, to connect the apparatus to
"the recorder, or-rack electronics. 'The ‘holes in the

sides of the case of the mill were for ventilating ‘the

- motor and battery.,

Sign &iscrimination was made by having an offeet
1zero, ‘produced by a potential applied to. the ring round
the rotor and stator. ‘This and the amplifier were
';supplied by three EVer~Ready PP9 batteries in series,
imaking a nominal 27V, stcred in the battery campartment.

‘The amplifier (fig. 5. 6) was a very slight modifica-

L _; tion of a desiqn by Mr. I.M, Stremberg, using four silicon

| planar~epitaxia1 transistors. -As already mentioned, the
‘_very high input impedance requiring the use of an
'tvelectremeter‘valve is unnecessary, and the use of a

‘ bcotetrap input circuit gave the first stage here an
"input impedance of 32 Ma, which, in perallel with the 100
Ms resistor, gai}e a net input ixnpedance R of 25 M, For
a stator-earth capacitance C=235 pP, and a 3000 r.p.m.
l,.motor, WCR = 7.4. Two 5.6 V zener diodes in series

' stabilized the amplifier supply, these being chosen in
 preference to one 12 v diode, because of the much better
temperature stability of the 5 6 V. It was found that

about 20 mA was.drawn from-the 27 v supply. According to
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. Mr. Stromberg, a change of 1% in output was brought
about by a 10% change in the unstabilized supply voltage,
or a 50% change. in the eignal frquency, and a temperature

"rise of 20°C changed the output by 28.

'A'§.2.3 Calibration.and Use

The method of calibration ueed Qas to stand the mill
.on a large horizontal metal plate on the ground, to.
»suspend another horizontally above it, and apply voltages
'~to the_upper plate. The calculation of the potential |
~gradient simply as ‘the voltage.difference between the
'upéer'plate and the lower divided by their separation h
:>assumed that the'plates were yery'wide_compared with the
'dlstance between them, and thatathe separation was very
~-much greater than the height of the mill. This second
ooadition arlses because, in the.atmospherlc field, the

. presence of the mill distorts the field, so that the

‘equipotentials above it are not horizontal. In the

calibration, however, we impose a horizontal equipotential

" in the form of the upper plate, ‘with the result that the

.shape of the field between the plates is slightly

o ‘different»frOm the field sﬁrrounding the mill in the open,

l‘unless the upper plate 13 effectively at infinity. It
7l:was decided that a reasonable way of assessinq the error

finvolved from this cause was to calculate the difference
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- atethe heightrh:in-the Earth'evfield between the
__potentiel directly above the miil,vend the potential in
.1 itsrabeence, Tﬁe,separation required was theivalue of h

'fbi‘whieh the difference became negligible. To simplify

matteis, the mill was assumed eQuivalent to a hemispherical

'T'boss of ‘the same height on an infinite plane, to which a

jstandard reeult could be applied.. In this case, at a

‘distance r from.the eentre of the boss radius a, and at

fan'enéiere to the‘perpendicnlar to‘the nlane through the
:i,boss centre, the potential v in a potential gradient whose
"_magnitude at infinity is Eo, is given by

“Vif"( ‘_ o ) g, rcas@ : _" ~ (Page and Adams, 1958,
S o ' p.78) -

Tf:For r.=3, Sa, the potential immedietely above the boss is |

"'inumerically 3 43 Eo, the error then being 28, It was.

3"ﬁffe1t that this was eatisfactory.‘,

‘ Another possible source of error was the field due

o 1to the electrical image of the bias ring in the upper

f}'changes of about 100 V"

:é'plate.A This, however, would probably be very small.

o This method of calibration involved a number of

'::;assumptions, of course, but the important thing was that s
::the mills should be able to measure fairly short-period

1, and that they. should all read

..fthe same. It was relatively unimportant if the measurement

fjthey gave was absolutely in error by 5% or so, as 1ong as
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| they all gave the same reading;- For this reason, the
procedure outlined was regardea'as satisfactory, and an
: abSOlute accuracy of 5% was aimed for overall. ‘

_ The plates used were about 2.3.@ by 2.8 m. Since
the total height of the mill was about 33 cm, the plate
i.separation was made 120 cm,'with a maximum variation from
: élace to place of 3 cm. The mill was placed in the centre
: of the hottom plate, and it was found that moving it 20 cm
. in any direction changed the output by less than 1%,
7findicating that the plates were sufficiently large in
'.:comparison with their separation.

" Various voltages were applied to the top plate, and

J'the mills calibrated one at a time, The current output

}:. was measured with an Avometer,’with.a series resistor to
T",make its resistance equal to that of the recorder '
.‘galvanometer coil (1.3 Kn) By adjustment of the bias
:‘and sensitivity'controls. itiwas-poseible to give the'
fethree mills:virtually»identical and linear calibrations
T within the range required, viz. ~ 175 to + 350 V m 1,
,,giving a O - 1 ‘mA” output.‘ For convenience, this linear

' ;‘calibration was assumed for all the mills during the

‘5experiment, the maximum divergence of any of the mills from

fxiit being about 5Vvm 1, e |
: From -the decay of the output vhen the upper plate was

' earthed the time constant of each mill was estimated as
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five seconds. ‘
The relatively small range and offset-zero sign

m . .
discriqetion were satisfactory for the fair-weather

o ‘use that was envisaged. However, in May 1967 an

uncsueli§ long spell of thundery weather occurred, during

which the pointfdischarge experiment described in chapterf

-8 was carried out. Tﬁisrmade_it desirable to extend the
d"rahge of the.millj ~ The csual way'of.doing this would

‘have. been to reduce the gain of the amplifier, but this

- would have meant recalibration of the hills, and, for
'dthe limited use thought probable, it was felt it was’
\~dbetter not to change the amplifier proper, but merely to

put a resistor in series’ with the output so that the

:-ffull—scale deflection of 1l mA would be achieved for the

"~ maximum signal the amplifier was capable of handling as

“,' it stocd.' This limit was_setibyAthe input for which the

‘amplifier "bottoﬁed"; beyond which an increased input
' produced no ircrease in output._-

" A full re—calibration was not necessary; the

""_following procedure vas adopted A sine—wave signal was

ﬁ”i'applied to the stator end of the stator-amplifier lead,

'using}a signal generator with a meter reading in mV peak-

l’éo—peak First this was done using the mill without any

'"~_extra resistor in the output, i e. in the state in which

{it was calibrated in the field, and, by comparing the out-
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puts in the two cases, the.mV input which corresPOnded
to l V m ; was determined. This depended on the
geometry of-. the mills, and was typically about 0.2 mv
It was then possible to put a. suitable resistor in the
output, calibrate the mill in terms of v’ from the
signal generator, and convert this to a V m -1 calibration,
A typical result is shown in fig._S 7 " The’ offset-zero '
sign discrimation gave -an’ ambiguity in sign for fields
greater than about 200 \'E m';, but in the only record put :
to any practical use, it was. possible to follow through .
the record from the fair-weather potential gradient, |
taken as positive, and the places where a change of sign

occurred were obvious enough from the trend of the. record

,to{overcome.this;difficulty, A small region occurred- .
};about zero;inbut, in'whichvthere;wasAnououtput.V’This

~was because a small'signal was'necessary to switch on the

rectifying diodes in the amplifier. 'It;can be seen that
the output is useful for potential gradients between plus
and minus 3000 V m ?,fif’ i -

o ThlS high-range calibration was not, in fact, carried
out until after the useful series of - measurements
described in chapter 8 The rapidly-changing weather

made it necessary to guess the values of the resistors to

‘t put in the,outputs of~the mills,;carry out the experiment,
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énafcalibrate,‘in thegway'described ebove,_afterwards.
‘Thefresistance values selected . were too high, and the-
"amplifiers bottomed for outputs of 0.7 mA. HMore
‘fcarefully calculated resistances were then selected, and
-2the above calibrations carried out to be ready for
.fsubsequent use. The resistance values then averaged about
'h:~4 Ka. - | | L l | |
f The mills worked well, although the storage batteries
< made them rather heavy. Originally, it had been intended
to take the bias potential from the stabilised supply,
;using a potential divider. Unfortunately, it turned out
‘jfthat the potential required was about 15 V, and so had
L_to be obtained by dropping from the unstabilised battery
supply. This voltage dropped slowly during operation
%.(about 1V for six hours recording), and the bias voltage,
| measured by connecting a voltmeter between the ring and
: the mill case, had therefore to be adgusted from time to
i:time,f although the effect of such changes on the output
uas barely detectable. This fault could have been
overcome by using a separate.zeuerfstabilized voltage (say
20 V), and taking the'bias voltage from this through a

potential divider.

5.3 The Aspirated Thermistors
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» 5 3 1 Basic Design v

. The thermistcrs fcr measuring temperature gradients

“and small ehort-period changes~of'temperature were

| Tl mounted in'cesee'identical<to those'of‘the psychrometers

E of Bent (1965) : (fig. S. 8).' Each of these was a double-

1‘-walled plastic case, 5 1n. by 3 in. by 1* 1n., open at
if~one end, and with a tube at the other to connect to a |
hfan, fbr aspiration. The double-walled structure meant
that the thermistors were protected from~ the effects of
-‘,direct-sunlight.. Each psychrometer was designed to hold
" two thermistors, one “dry-bulb“ and the other "wet-bulb“
”:Aalthough they were never used to measure humidity in this
.experiment. Sufficient psychrometers were constructed to
'enableitemperature'measurements to be made at 3, l, 2,
:fendilo m at one place, and at'l_m'at two other places, in
'case_the small changes were'snfficiently distinctive to
eneble the same plume to be picked out at different places
.:.in.this way. . 12 V car heater fan units were used for
aspiration. |
The thermistors used were manufactured by ”;SI -
_ Conponents", and were supnlied with a resistance-temperature
calibration curve to which all. thermistors of the same
type complied within 0.2 C. The type selected had a

resistance of 3 Raat 25 c, increasing to about 10 sz.at




SFONVHI FINLYIIIWIL TIVWS 204 LINDJYID YOLSIWYIHL b5 9DId

=
. AT
ung-9
VoIS
A9 > .
. M A . A‘ A .. -
o \,
. , . J
. ' 3ol ‘
, . LUWott . o120 : S .
o . . . v T NOY
R hislde ) = vost
. FOL1SIYIHL
. . . N§> . 1A
4 . voss .
“94vLS .
ATV




116.

0%, and decreesing to about 2 Ka at 35°%.

5 3. 2 Measurement of Small—Scale Chanqes of
’ Temgerature

The measurement of temperature gradients, and of
lsmall-scale variations at one height due to passing plumes,
presented two different problems. The first_involved

"accurate temperature measurement over a range of 30 degqC,

"~but the second‘required measurement of small changes,

without knowledge of the actual temperature being
‘snecessary. For the second task, a detection circuit was
. required whmch would give a o - 1 mA ‘current output for
~ra range cf temperature of 10 degc anywhere between, say,
-5 C and 25 C. In both cases, it ‘was important ‘to keep the
- current through the thermistor as low as possible to avoid
‘1'warming it. The manufacturer s specification stated that
’4wa dissipation of 1 oW in still air would cause a
';;temperature rise of o. 1 degC " this dissipation
B correSponding at 25°C to a current of 170 pa.
) ; The .circuit used was designed by Mr. I.M. Stromberg,
‘and is shown in fig. 5.9. By connecting the thermistor
-3ip'the base of a transistor, the current'through it was
‘=kept below ZOOQpA. A variable resistor in series with
'-the:thermistor allowed the uelue of the base current to

be eajusted to a fixed velue,:giving aifixed output,
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flwhatever'the-temperature. Variations in thermistor

~ﬂ.fresistance then caused variations in base current which

"‘ﬂ?underwent amplification. In practice, 81 was Put in

'iposition B and VRI adjusted to give an output at the

zji centre of the meter scale, 1i. e.,at 0 5 mA._ The - ‘setting

-ii‘position of VRl changed from day to day because of the
":influence of temperature on the transistor characteristics.
;?jWith the switch at A, VRZ was ‘then adjusted to make the a

Aoutput o 5 mA, making the total resistance of VRZ and '
the thermistor IOKJL. VR3 controlled ‘the sensitivity, amd‘

j-its Optimum position did not in practice vary. . The -

' '.i sensitivity of the equipment near the centre of the scale

“;wes about 0 1 mA per degree centigrade, and its tine
: constant was a few seconds.
This arrangement worked well. Examples of its
" records accompany the next chapter. Three such circuits

were built, to be ready to correlate temperature variations

| at different places.

5.3.3 Measurement of Temperature Gradients

’;Once again, the author is indebted to Mr. I.M.
Stromberg for a circuit design (fig. 5.10), Like the
last this limited the current in the thermistor by
Lconnecting it in the base of the transistor. "he output

- was taken between collector and emitter. The circuit had
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the fortunate property of turning the non-linear
'temperathre/resisgénce calibration intb an almost linear
.ﬁemperature/voltage output. A large capacitor was
necessary to lengthen the time donstant, to about nine
seconds (with some siight temperature variation). This
circuit was designed when it was still hoped to use
automatic recording, and so gave a 1-10V output (fig.
‘5.11) , but when this scheme was abandoned, the output
was put onto a O - 25 pA panel meter, with 100 Ko in
series to make the full-scaleideflection,equal to 2.5 V.
A bias switch connected one end of the meter to various
points on a resistance chain from)the -12 V stabilised
supply to earth, so that the meter read O - 2.5 V,
2.5 - 5.0V, 5.0 - 7.5 V, or 7.5 - 10.0 V. The
thermistor circuits ware connectéd to the meter via
another switch, wﬁich enabled'any~of them to be selected.
In practice, teﬁperature gradients were read by
meésuring temperatures at all the heights in turn
" several times, and finding the average for each height.
.The calibrations were obtained using a resistance
box in place of the thermistor, and using the thermistor
_ manufacturer's-resistahcé-temperature qalibration. '
‘  Unfortunate1y, the author‘did,not at that time sufficiently
"‘appreciate the influence of temperatuﬁern the output of

a zenef-controlled stabilizing circuit, and during the
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- measurements over melting snow it soon became apparent
that the calibration obtained in this way gave results
. near freezing point inaccurate by a degree or more,
probably because the resisténcevofvthe zener diode had

_changed with temperature, although the performance of

" the OC 200 in the thermistor circuit was presumably also

influenced. The oniy valid method of calibration would
have been to put the thérmistor, its circuit and
: stabilize: in_a gontroiled temperature enclosure,
Insteéd,.immediately after éach gradient measurement, a
resistance box was_substituted.for the thernmistors, and

the resistances required to give the meter readings just

- obtained was found. These could be equated to

;jtemperatures.using theimanuchturer's calibration. This
>method,‘a1though cumbefsome,vwas accurate.

Fach thermistor was used at aipartiéular height
during the'experiment, so that individﬁal variations could
be allowed for. Comparison of the thermistors in the
laboratory with an accuiaté mercury-in-glass thermometer
: } at 20°C indicated that the thermistors (identified by the
heights at‘which'they were uéed) required the following
corrections: ¥ m, + 0.13 degC: lm, - 0.11 degC; 2 m, ~ 0.33

- degC.

5.4 The -Cup Anemometers
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To facilitate measurements of wind speeds and
gradients, two éensitive; three-cup anemometers
manufactured by C.F. Casella and Co. Ltd. (London)
were borrowed from the Meteorological Office, whose help

is gratefully acknowledged.' Each anemometer operated a

' . contact breaker, which closed twice every three

revolutions of the cups. . The Meteoroloqical Office
_ supplied calibrations giving the wind-speed in terms of
- contacts per minute, The wind-speed required to start

1

the anemometers turning was about 0.25 m s -, and the

maximum recommended speed 6f operation was about 12

- m'snl, which corresPondéd to 350 contacts per minute.

| For the gradient measurements, two eléctramagnetic
‘counters were used, one‘for each anemometer. In

- operation, the counters could be switched on for as long
a perlod as the avérage gradient was required, and from
the readings, the wind-speeds found by means of the

- calibrations. In view of the_observation of Bent and
Hutchinson (1966) that the space-charge peaks were
accompanied by falls in wind-épeed,'it was thought
desirable to be éble also ﬁo record the speed

continuously, and a diode pump circuit was built to

convert the voltage pulses from one anemometer into a

0 - 1 mA signal for the recorder. There were two sets

of input single sockets on the panel, one for each
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anemometer, and a switch enabled the input from one
6f.these to be changed from the counter to the recorder
at will., The circuits are shown in fig. 5.12. They are
quite standard, and the only features worthy of note are
the 0.1 and 0.054 pF capacitors, included to prevent
SParking at the anemometer éontact-breaker. The 2000 pF
‘capacitor gives the output a time constant of about ten
seconds, | o
The circuit for the recorder was calibrated in the
- i1aboratory by attaching tbe apparatﬁs to an anemometer,
~as in the field: and using a fan to provide wind. The
speed derived from the qounter was compared with the
| “fécorder output, and ﬁhe result for the upper anemometer,
the one.éenerally used with this system, is shown in
" fig. 5.13.
buring'the coursé of the work, one of the anemometers

was broken, énd was recalibrated after repair against the
other using a wind tunnel in the University Engineering
Science bepartment. The two anemometers were put in the
tunnel, and their outputs compared using the counters.
" Their positions were interchanged and the process repeated.
‘The mean of the two straight lines obtained gave the new
| calibration.

These arrangements worked satisfactorily, except that
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it proved impossible to record wind-speed and temperature
continuously and at the same time, because the current
pulses caused in the making and breaking of the

anemometer contact affected the output of the zener-
stabilized lé V supply causing pulses on the temperature
output. The counter was run off the'unstabilized 24V supply,

- and so this effect did not occur when the counter was used.

'§.5 The Total-Vector Anemometers

As expiained in section 3.2.3, three of these were
designed and partly built, but were not completed.
- Basically, each consisted of a wind-vane with its axis of
-~Trotétion horizontal, mounted on the front of a conventional
. vane (fig. 5.14). On the f:onttof the smaller vane it was
intended to mount a thermistor to measure the wind-speed,
and with the two directional measurements this would have
allowed the calculation of the horizontai and vertical
components of speed, and the horizontal direction. With
this, it was hoped to detect changes of vertical velocity-
‘and horizontal direction accompanying plumes,
The usual way of detecﬁing direction in wind-vanes

is to use a rotary potentiometer with its sliding contact
attached to the spindle of the vane. Unless special
expensive low-torque potentiometers are used, however,

the friction at the sliding contact means the minimum
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speed detectable is higher than could be tolerated in
this‘case.lexperiments were therefore carried out to see
if a phectoelectric system could be devised, which might
keep,the sensitivity limit of the instrument to a fraction
of é_metre‘per second. The system devised is shown in
fig. 5.15. A sma}l torch-bulb was used as é source, and
a Mullard ORP 16 phbtorésistor as detector. Between these
’waé a slit in a mask attached té thé-box, and a variable
: coliimator, a thin disc of perspex blacked as shown in
fig. 5.15(a), attached to the épindle of the wind-vane.
| As the collimator turned with the vane, the effective length
of the slit varied, giving a varylng output from the
photoresistor. Each anemometer had two of these units,
one for the horizontal and one for>the vertical vane,

Mechanically, the system waé satisfactory. A
laboratory measurement of the torgque required to move the
large vane indicatedthat a wind of 0.3 m s—l would turn
it, and the small vane was even more sensitive. The vane
was put outside in a moderate breeze for a few hours, and
found to operate satisfactorily.

Electrically, the system was never fully tested.
Preliminary measurements showed that a satisfactory output
variation could be obtained, but there was a region of

ambiguity about 40 wide where the collimator moved
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vsuddenly from its narrowest to its widest, and there
- seemed io be some'variation with time, perhaps due to
blackening of the bulb. It séems likely that the system
i.wouid not have worked well in the field, and the expense
'of iow—torque, 360° potentiometers is justified.

- Three thirty-foot; hydraulic telesc;pic masts (by
“A;R. Clark, Binstead, Isle of Wight) wére obtained to carry
'these anemometers, and were later used for the cup

anemometers,

S.6 The Propeller Anemometer

_ As described in chapter six,_rough measurements of
vertical velocity were made using a sensitive propeller
anémometer (manufactured by Davis and Son, London), which
| was mounted horizontally and levelled. The scale
registered the run of wind in feet, with a minimum
~ division of one foot (0.30 m). The starting speed was

not measured, but was estimated to be about 0.2 m s-l.

5.7 The Overhead-Sky Photometer

It is well known that potential gradient changes at
the ground are often associated with clouds overhead, and
Durst (1932) suggested that the positions of clouds might
be related to convection currents at the ground. The sky
photometers were built to monitor the cloud cover to aid

interpretation of the potential gradient record, to test
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Durst's theory if possible, and to determine cloud height

and speed.

5.7.1 Design
The design was based on that of Whitlock (1955) and

consisted essenﬁially of an ORP 16 photoresistor at the
béﬁtém of a brass tube about 33 cm long, blackened on the
inside (fig. 5.16). The tube was mounted vertically on a
wooden base, which also carried a circular spirit level
to ensure the tube pointed vertically. Small white clouds
gave a brightness reading greater than blue sky, and the
dark centres of larger clouds éave brightness readings
below the blue sky level. Tests Qere made with colour
filters.to see if blue éky.éou;d be made the brightest

" condition or the darkest, but without success., In

' practice, however, it was easy to pick out the blue sky
on the records. A typical record is shown in fig. 5.17,
registering blue sky at first, and then a small cumulus
cloud, followed almost immediately by a more extensive
sheet of stratocumulus. The resistance of the ORP 16
varied from about 6 Ka to about 50 Ka, so it was quite
satisfactory just to put a 6 V dry battery in series with

the photoresistor and the pen recorder.

5.7.2 Measurement of Cloud Speed and Height

In the early stages of the experiment, when the
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measurements of Whitiock and Chalmers k1956) were still

_ ﬁheAchief guide in planning, consideration was given to
methods of determining'the change of wind speed with
'height. It was felt that'knowledge of cloud height and
Aspeed would give one height at which the.wind-Speed was
"knoﬁn, and nossiblg simple methods of determining these
'quantities were considened. The results are(given here,
'alqhough any such method is more likely to be of value in

"work on rain under layer clouds than in this type of work.

In principle, the system devised was to determine

cloud direction and angular velocity using a form of

' nephoscope (see 7Meteorologica1 Office Observer's

Handbook® (H.M.S.0.), 2nd Edn. 1956, pp30-34), and to measure
the cloud's ground4spéed using 6verhead-sky photometers,
This second measurement could easily be made using two

photometers in the line of cloud movement, separated by

.-tWO or three hundred metres, and correlating their outputs,

(or else by using three photometers forming a right-

gngled triangle, and calculating the components of cloud

| velocity). A pilot experiment with two photoneters showed

this to work well. As a nephoscope, two 2 m ranging poles
and one of the thirty-foot masts could be used as follows:
(1) one of the ranging poles could be stuck in the ground

a few metres from the foot of the mast, and a feature on
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the cloud sighted past the tcps of the pole and mast;
(2) after a short delay the other pole could be stuck
in so that the tops of the'mas; and second pole lined up
with the same feature. The direction of the line joining
the two poles would give cloud direction.
(3) ‘The time taken for further cloud features to pass
" the two sighting ;;::es would give angular velocity,
kncwing the dimensions of the arrangement. Fram angular
velocity and ground velocity, the height of the clouds
:>c0uld be calculated., In practice it would probably be
‘easier in the long run to construct a portable form of
Z“ccmb nephoscope. |
| If automatic recording were mo;c convenient, it
would be easy to mount two sky photometers together so
:3that their tubes were in the same plane, and pointed at,
séy.'lso to the Qertical on cpposite sides of the vertical,
giving cn angular separation of 30°, If the instfument
were then lined up with cloud direction, the delay between
the records would give angular velocity. Cloud at 500 m

moving at 15 m 5—1 would give a delay between the records

of about 15 s,

5.8 The Ambient-Brightness Photometer

This instrument is also illustrated in fig. 5.16,
where it is only slightly further from the camera than

the sky photometer, but supported at a higher level - its



- 17V

(7-1"9+ § iox.n

o-1lmA .

.._._O___-

REcoORDER

3IKN ORP 16

Flé. 5-13 AMBIENT

N

BRICHTNESS PHOTOMETER CIRCUIT




128,

:‘apparently much greater distance is an unfortunate
optical 1llusion. |

The sensing element here was also an ORP 16, this
time at the bottom of a brass tube just long enoﬁgh to
prevent direct sunlight falling on the resistor. At the
top of the tube was a disc of perspex "frosted” by rubbing
on sandpaper, and designed to diffuse the light falling

' ‘onto it. The whole was mounted on a blackened brass base.

The chief object of the photometer was to detect

' sunlight falling on the sité; at which it was highly
”successful, to see 1f the space-charge peaks were connected
iwiﬁh direct éunlight 1hitiating a very local convective |
plume. A typical record was given on fig. 4.6. The
resistance of the ORP 16 varied from about 250n in bright
sunlight to about 3Ka in deep shade. Fig. 5.18 shows the

circuit used with the recorder.
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CHAPTER 6

MEASUREMENTS IN CONVECTIVE WEATHER

6.1 Introduction

. Measurements were made at Durham University
observatory through the summer: of 1966, and at Mordon in
the early summer of 1967. As'already mentioned, although
" ‘the rainfall at Durham 1s.only 25.6 inches per annum, the
proximity of the Nortﬁ Sea depresses sunshine totals, and
both 1966<aﬁd early 1967 vere unfortunately particularly
badly affected from this poinﬁ of view. Although such
figures are only a rough guide; the seven months from
‘March to'September 1966 had 87% of theAaverage sunshine,
and the mean qindfspeed,.dn'which, of course, depends the
' depth of the forced convection layer, was 4.2 m s-l, 124%
of the averaée. The‘sunniest month of the year was May,
with 180 hours sunshine (113% of average) , during much of
which the V.R.E. was out oflcommission.. However, it was
in the early summer months of 1966 that the majority of
the Durham results were obtained.

The first few months of 1967iwere also poor. Although
March had 154 hours of sunshine (145% of average), the
meanuﬁind-Speed in that month was 9.6 m s-l, over twice

the average. The majority of the results at Mordon were
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obtained in a very fine spell in the otherwise poor month

6f June, when the daily sunshine total exceeded 10 hours

for seven days.

6.2 Measurements at the Observatory

6.2.1 The Site and Apparatus

As the results of both Bent and Hutchinson (1966) and
‘ﬁhitlock'and Chalmers (1956) had been obtained at this
site, measurements were méde there first, to make sure the
apparatus would detect the phenbmena they had described.
This site, and also the one ét Mordon, have already been
~described geherally in Chapter 3, and fig. 6.1 shows the
immediate environment of the»Observatory in more detail.
”The Land-Rover was positioned in the Observatory garden,
against the hedge labelled on the map, and the leads to
the apparatus were carried through the hedge. Figs, 6.1
and 6.2 shov the relative positions of the collector and
. the ‘mast used by Bent and Hutchinson. The grass in the
area immediately surrounding the coilector was kept below
5 cm long. |

Fig. 6.2 shows the‘éouth-ﬁesterly aspect of the site.
It caﬁrbe seen that there are rather more trees than are
- shown on the map, especially in the line bounding on the
east the hard-surface playing-field. These trees form the

horizon in the photograph. Fig. 6.3 again shows the
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' épparatus, but this timé the'camera faces north-east,

and the 5 m hedge bounding the field on the east can be
‘seen., Throughout Ege experiment, the apparatus was

about 9 m west of this, and in any wind between N and

8SE the air reéching the collector would have blown over
it. | :
In this situation, there was clearly no point in
',méasuring wind and temperature grédients near the collector
and applying them in the equations of chapter 2, which
'jrequiro horizontal uniformity. Some measure of the
‘turbulence could be obtained, however, from the wind-Speed
measured by the Observatory Meteorological Station
anemometer, a Dynes pressure tube device mounted above the
 roof of the building at a height above the ground of 18. 5 m,
‘with an exposure reckoned by the Meteorological Office to
make its effective height 10 m. It was also desirable to
have some measure of the temperature gradient in the first
metre, and this was obtained by comparing the reading from
a continuous-recording thermometer mounted at 1.2 m in the
Observatory Stevenson screen with the temperature at the
ground. This was measured with a mercury-in-glass
thermometer supported about 1 ecm from the ground on a lawn
in the Observatory garden. The grass here was kept very

shott, and readings taken by'placing the thexrmometer on its
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support on a sunlit patch of grass, shading it for a
minute, and then reading the temperature. Such
measurements, of course, had little absolute meaning, but
provided a rough and ready indicator of the magnitude of
the mean temperature gradient over the general area of
the experiment. |

Early in the summer the thermistor circuit for
measuring small temperature changes was not ready, but it

was available in timeAfor use later on.

6.2.2 The'Space—Charqe Pulses

Soon after measurements in convective weather had
bequn, the space-charge pulses which are the main concern
.'of this thesis were observed.. fypical examples are shown
in figqg. 6;4, (a) and (b) being copies of records at the
Observatory, and (c) at Mordon. The most striking
chéracteristic of the pulses is their shape: a very sharp
leading edge, with the recorder pen often moving almost to
the peak in two or three seconds, and a slower decay.
Usually, the peaks were 30 to 40 pC m_3 high, but were

3 in amplitude. Between 80

sometimes as much as 100 pC m
and 90 such pulses were recorded at the Observatory, on
nine different déys. On seven of these days, the pulses
‘were negative, and on the other two positive. At the

Observatory, although not at Mordon, the positive pulses.
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.. Were perﬁaps a little less sharé-edged than the negative,
although’thié may have been chance. Otherwise, the
positive and negative pulses were exactly similar. At
the Observatory, there was no day with both positive and
negative pulses.
It was apparént that the pulses were associated with

jconvective weather. They only bccurred on sunny days, and

'there wvas only one half-hour period during which they -
' occurred when the average low-cloud cover exceeded %, and
that wés with % cover. In order to investigate the
;:elation of the pulses with lapse-rate and wind-speed con-
= diﬁions, these ﬁwo parameters were heasured as described
| above every half-hour, and the records divided into
‘cbrrespOnding half-hour periods, witﬁ the average of the
lapse—réte and wind-speed measurements at the beginning
and end 6f the half hour takeh.as.the average conditions
fof that period. The half-hour peridds were plotted on
distribution diagrams of wind-speed and lapse-rate. It
was soon noticed that the pulses occurred in different
conditions in an easterly wind from those in a westerly
wind. The presence of the hedge was an obvious
ekxplanation, and so one diagram was plotted for periods
when the wind was blowing from the hedge to the collector

(i.e. in all winds with an easterly component) and



-5 W OFIIS - gNIM
L 9 S 4

SIS INg Laornivm +
sASIng HILIMm O

. dNIMm A123Lsv3

NV NI Sgol¥y3ad UNOH-ATYH

. 9-9 914

- b

EAR & |
=354V 1



o - - 134,

-another for other winds. The igtributions are shown in

figs. 6.5 and 6.6. It will be seen that, generally
speaking, the pulses were more likely to occur in lower

wind-speéds and higher lapse-rates, and that the thfeshold

'v.windéspeed was lower when the wind had an easterly
component. There were three periods which were excepﬁions.
- in the westerly case. 1In each of these half-hour periods,
thly one pulse occurred, and the samevapplies to the

 exceptions in the easterly case, except for the period at 2.6

-1
m

mst, 2.2.deg§f which had three pulses. Fig. 6.5 does not
show many points for wind-speeds less than 2 m s-l,
- because in convective conditions with low wind-speeds, a
sea-breeze often sets in at Durham in the late morning,
giving anveasterly wind. |

The monthly distribution of tﬁe nine days with pulsesA
was: March (1), April (1, with positive pulses), May (3,
of which one gave positive pulses), June (1), August (2),
and Septgmber (1). In addition, one set of measurements
 was made withvthe apparatus of Bent and Butchinson, in
~ late January, which showed positive space-charge pulses
in shape more similar‘to those described by them than to
the pulses shown here.

' The distributions shown in figs. 6.5 and 6.6 will be

discussed further in section 6.5, and those
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cﬁaracteristicé which the Observatory pulses showed in
common with.the ones observed at Mordon will be discussed
in section 6.4. It was thought, however, that the
distributions indicated the pulses might be some sort of
7. :freefcoﬁvection phenomencn, gnd it wvas hoped simultaneous
" records of small temperature changés might prove this.
; When ‘these became available, it was sometimes possible to

pick out periods of free convection, although at this

v :h§ight the air movement is still very turbulent, and A

:'tﬁeée often coinci&ed with peridds,in which pulses
.,.occurred, but there was clearly no correspondence at all
between the space-charge peaks and the temperature peaks.
Fig. 6.4 (a) is an example of such a record; on this
‘occasion the thermistor was put at 1.5 m to try to ensure
it was really in the free-convection zone. Measurements
of temperature variations with the aspirated thermistor
accompanied space-charge measurements at the Observatory
on three days, during which eleven space-charge peaks

were recorded.

6.3 Measurements at Mordon

The Mordon measurements detected a total of thirteen
space-charge pulses, very like those at the Observatory,
on three days, on two of which the pulses were

predominantly -negative. On the day with positive pulses,
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there was one negative pulse, which occurred before all
the others, and on one of the days with negative pulses,
there was a positive pulse over an hour after the others. -
Both of these anomalous pulses were rather uneven in
shape, however, and may have been spurious. Fig. 6.4 (c)
shows three of the Mordon pulses,

It was hoped'originally to measure wind-speed gradientv:
. and temperature gradient during the Mordon readings, and
to calculate the corresponding Richardson S numbers
-7(section 1.3.3), in the hope of relating these to the
conditions under which space—charge pulses occurred.
Unfortunately, howeve:, the procedure that had to be
adopted to ueaSuke the temperature gradients (section 5.3.3)
took so long that it was impossible to repeat it every
" half hour. It was therefore decided that this measurement
should not be attempted, especially as the Observatory
results had shown wind-speed to be the more important
parameter, and measurements uere made only of wind-speed at
2.2 m, either by continuous measurement on the recorder,
or by running the anemometer on the electromagnetic
counter for the whole half hour.

Fig. 6.7 shows how the half-hour periods of measure-
ment in bright sunshine were distributed with wind-speed.,

It is clearly unwise to draw firm conclusions from such
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scant, data, but the distribution does suggest the
pulses were more likely at low wind-Speeds, with a
cut—off wind-speed of about 3 m s 1; In comparing this
value with thé Observatory result of about 4.5 m s * in
‘arwesterly wind, we must remember that the Mordon wind
measurement was made at 2.2 m. If we assume a
logarithmic wind-profile, although this strictly applies
;6n1y to neutral stability, we can correct this value to
, 16 m. As was discussed in section 2.%+.1 , the wind—_
' sPeed' - |
. _ . Laa.%%
vhere Zo is the "roughness lengfh".‘ The eurface in fhe
field at Mordon was thin grass about 15 cm high, so it
eeems reasonable ‘to take Zo = 0.0l m (see table 2.1),
whieh gives the fatio of wind-speed at 10 m to that at
| 2 .2 m as 1 .28, and the’ approxlmate maximum 10 m wind-speed
for plumes at Mordon as 3 8 m s 1.

‘In most cases, ‘the sensitive-tﬁermistor was in
opeﬁéﬁioh during the space-charge éulses, but, as at the
_Qbeervatory,~thexe was no corresPOhdehce in the traces.

- On tﬁo days, the propeiler anemometer‘was used to measure
vertical wind-speed et 1 ﬁ}»the éial showing total run of
-wind being readﬂevery minute. The average runs of wind

;fbr the minute periods varied between +3 and -3 m. During

the three hours for which this procedure was carried out,
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only four space-charge pulses were observed, of which
one was of doubtful validity, and these did not coincide
ﬁith any striking event onthe vertical velocity record.

Potential gradient was also measured during all the
. Mordon pulses. FPor two pulses, there were possible

1 high, but

coincident peaks of potential gradient 5 Vm~
}.for all the others there was no correspondence. In
general the potential gradient was fairly steady, and on
only one occasion weré short period variations observed
‘jAnything like those described by ¥hitlock and Chalmers
 (1956). This occasion wé; in a wind-speed of about

1, too great for space-charge pulses at 1 m, and five

1

5m s
.peaks, each about 50 V m ~ high and lasting for two or
-three minutés, were measured.'AThéy had an average
(,separation of about.15 minutes. Since a potential
gradient deflection of 5 V L would pro$ably have been
-noticed, énd this would bé given by a uniferm horizontal
layer only 1 m thick of space charge of density 40 pC m >,
it is clear that the pulses could not have had much
ve:tical extent. |

| Since the pulses could apparently be detected only
with the space-charge collector, it proved impossible to

compare measurements at two places simultaneously.

The sign of the poteﬁtial gradient did not seem to
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affect whether the pulses were positive or negative.

6.4 Other General Properties of the Pulses

‘ .-The remarks in this section apply to the results
at both the Mordon and the Chservatory sites, unless

otﬁerwise stated.

6.4.1 Interséction-Lehgth and Wind-Speed

- If we assume that the space-charge pulses are

- carried alonngy the wind, we can obtain a horizontal
tlengﬁh for éaCh phlée by multipiying the time it lasts
on the record by the mean wind-speed. The time interval
used was the "half-peak duration®, i.e. the time for
which' the spéce-chargé aensity'was more than half-way

_ from its Quiescent value to the peak. The duration of
each bulse thus measured was multiplied by the mean wind-
speed for that half-hour perio§ to give an “interséction
lengfh" of the puise. Por each half-hour period, the
mean vaiue of this quantity was'calculéted, and compared
with the mean wind-speed. At Mordon, the 10 m wind-speed
calculated as above was used. The results are shown in
fig 6.8, Half-hour periods with only one pulse were not
included because of the increased likelihood of random
error. As alréady mentioned, Bent and Hutchinson's

apparatus was used for one period of measurement, lasting
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about 1% hours and including eleven pulses, and this
is shown on the graph as one point, at 3.5 m s 1,
280 m. |
" The graph appears to be best represented by a straight

line almost through the origin, and the least-squares
best-fitting line through the origin is shown. The
cotrelation coefficient r between intersection-length and
wind-speed is about 0.7 (22 results), significant beyond
4'_the 0.1% level |
» ‘;3  If vwe assume the space—charge pulses to represent

- vertical columns of space charge of circular horizontal

' cross-section, then the intersection-lengths measured will
, represent random chords of the circle, and, even if the

-‘ cross—section had a fixed diameter for a particular wind-
speed, a distribution(of intersection-lengths between

thfé diameter and 2ero is to be expected. It is easily
shown that the average chord-length of a circle is /4 x
diameter, and a-ﬁetted_line-is shown on the graph which
~ has 4/x x the slope of the best. line. This should
represent the mean diameter.vafiatiop with wind-speed on
this model. Of course, even ifthis picture of the pulses
were true, a random distribution of diameters about a
mean would be expected for each wind-speed.

Although some such model may represent the physical
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picture, and we may indeed be discussing a physical
élement whose diameter increases with wind-speed, all
| that the linear relationship of fig. 6.8 tells us
i_diréétly is about the time interval we multiplied by
- wind=-speed to gef‘the intersection length, which we
thenquund prOportionél-to wind-speed. Clearly, the
 half-peak duration of the pulses is independent of
wind—épeed, and the slope of the best line on'fig.

6.8 shows its mean value to be 43 s.

 6.4.2 Qistribution'and Mean Value of
: Intersection-Lengths

| The distribution of individual pulses by

' intersection length showed a peak at about 30 m;'and a
grédﬁal tail-off to zero'pulsés at about 500 m. This
presumably represents only the distribution of wind-
Speedslauring measurement, but i: is mentioned because
it sﬁowed quite a close resemblance to the distributions
found for his temperature pulses by Vul'fson (1964)
(section 1.5). For this reason;_attempts were made to

fit functions of the form
L R
, R\b (!~ -)
o) = () el
as suggested by Vul'fson, but, not surprisingly, the

distribution could hot be represented in this way.

The mean intersection-length of all the pulses
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measured was 143 m.

76,4.3 Pulgse Separation and Wind-Speed

The time intervals between the sharp leading edges
of successive pulses were treated in the same way as
the half-peak durationé, and the spatial separations
obtained are showh plotﬁed on fig, 6.9. The points from
ithe Mordon measurements are distinguished from the
Observatory points; Rather more scatter might be
.'éxpected on this graph than on fig. 6.8, because there
‘was no clear way 6f teiling whether or not a pulse was
in any way associéted w;th its predecessor. An
exceptionally long‘gap might‘have repfesented a period
during which conditions had changed slightly to prevent
pulses, However, all such gaps were included in the
averages, unless it was quite clear that the pulses
occurred in two separate groups with a long interval
between them.

Because of the supposedvrelationship of these
results with those of Bent and Hutchinson (1966) and of
Whitlpck and Chalmers (1956), their measurements are
also included on the graph. Some adjustment of both
these other sets of results was necessary to make a fair
comparison. Whitlock (1955) gave the mean separations

of the "field pulses” reported by him and Chalmers, but




143.

calculated these using the speed of the pulses
measured by correlating the records from two separated
field mills. Fortunately, he also gave the ratio of
this speed to the 10 m wind-speed, and so it is possible
to calculate the 10 m wind-speed and corresponding mean
. separation for each set of pulses. Bent and Hutchinson
calculated the separations of their pulses in the same
. way as the author, but used the 17 m wind-speed
measured on the mast. We can very roughly reduce this
' to 10 m by multiplying by log 1°ylog 197 which equals
' 6.81, although this neglecté the roughness length 2o,
':and‘the fact that lapse conditions were not neutral.
The state of the grass in the field (in the author's
irecolleetion) might justify puﬁting Zo = 0.03 m, giving
a correction factor of 6.92, but since the éite
: generally was not horizontally uniform, any such estimate
of roughness length is speculative. in any case, the
factor chosen does not affect the ratiof of wind-speed
to spatial separation. The factor used was 0.8l.

| . The author's results aré grouped in half-hour
:vperibds, as before, but the ether workers in general took
_an average for each day's readings.
It can be seen that 511 three sets of results séem :
. to relate separation and wind~spe¢d in the same way.

. There is some evidence of non-linearity, but a straight
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line through the origin fits the results quite well.

The correlation coefficient r is about 0.75 (38 results),

- which is significant beyond the 0,1% level; The mean

intervals between pulses calcﬁlated from the points

'-'on:the graph are as foliows: author's results 7.58 min,
" results of Bent and Hutchinson 8.75 min, results of

Whitlock and Chalmers 6.22 min, all results 7.40 min.

6.4.4 Pulse-Height Variation with Wind-Speed

. No variation was apparent.

6.4.5 Consideration of Further Analysis

Some thought was given to whether the results
justified a more Tigorous statistical analysis than
‘fgiven above.v.Each point shown on figs. 6.8 and 6.9
1_1s subject to error on both variables. The wind-speed
measurement is a mean over half an hour, during which
thére is always short-period turbulent variation and
~ often a slower change. To represent roughly the error
due to the random variatidn;'at the Observatory, one-
si#th of the width of the wind-speed trace on the
- anemogram was taken, based on the argument that if the
>distriﬁution about the meén were normal, three standard
deviations on either side of the mean would enclose
almost all fhe distribution. The error on the length

. was taken as the square root of the variance of the
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distribution within each half hour. In this way, some
idea, albeit very rough, was obtained of the errors for
each point. |

| Fitting the best straighﬁ line to data with
errors on both ﬁariatés is a problem for which no general
.'éolution is khown. Morgan (1960) and Davies (1957, section

7.6) suggest different methods of solution for special

" cases. Davies':treatment requires the errors on the

l.variates to be independent, and this is probably tﬁue
for Morgan's method also. Since the lengths plotted in
- both graphs were obtained by nultiplying a time interval
by the Qind-speed, the error on the wind-speed clearly
ﬁould have affected the errof on the disténce. This
‘difficulty could be overcame. For example, if the
intersection-length 1 wereﬁrelated to the'mean wind-speed
u by | . ;
L= al +b - (6.1)

whére a anﬁ b were constants, the half-peak duration t
would be related to G by |

| | L= oax % | (6.2)
Theivariables t and u should have independent errors,
and so the method of either Morgan or Davies could be
| used to determine a and b and their probable errors in

regression (6.2), and these substituted in (6.1).
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There are more formidable difficﬁlties, however,
Both methods effectively asSume that the ratio of the
errors. on the variates does not vary from point to
point. This is certainly not so in this case. Also,
thé errors on a point calculated as above appear to bear
-no relationkto the distance of the point from the best
straight line. Finally, on graph 6.9, fhere is some )
evidence that the slope of the best fit should decrease
7-1v1th inéreasing wind-éﬁeed.
Taking into gccoﬁnt all these 6bjections, it was
- felt that there was little juétification for applying
either meth6d to fhe analysis, and it was decided merely
to show the least-quaresllines of best fit through the
.Qrigins} without attempting to calculate their confidence
1imits. o

The author is graﬁeful'fo Dr. M. Stone, Reader in

Mathematical Statistics at this University, for his

advice in this matter.

6.5 Interpretation of Results

6.5.1 Summary of Properties of Pulses

The following is a summary of the properties of the
space-charge pulses observed atl m,

(). They form distinctive peaks on the space-charge
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density records, having a very sharp leading edge, and
a siow decay with a time constant of the order of one
- minute. —

(b) They can be of either sign, although about two-
thiédsuare negative~going,ﬁand-the shapes of negative
an&,positive peaks are identical. Poéitive and nregative
-pdises do not generally occur both on the same day. The
‘'sign of thé'gulses does not aéparently depend on either
the sign of the potential gradient or the sign of the
quiescent space charge.

(c) Their magnitude is variable, does not depend
noticeably on wind-speed, and is usually about 30 to 40
pC m~3, but may exceed 100 pC m > (625 e em ). Their
vertical depth is probably less than 1 m.

(d) The peaks occur both at the Observatory and at Mordon,
and pulses from the two places are indistingquishable.

(e) The pulses only occur in sunny weather, and are more
likely in low wind-speeds and high lapse-rates.

(£) The maximum wind-speed at which they usually occur is
lower when the wind blows over an obstruction before
reaching the apparatus.

d(g) The duration of the pulses is independent of wind-
speed, indicating that, if the charge is blown along with
~the wind, the horizontal diameter of the charged volume

is proportional to wind-speed. The mean duration is about
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43 s.

(h) The interval between pulses is also independent
of wind-speed, indicating that their spatial separation
- 1s proportional to wind-speed. The interval is about
equal to those observed by Whitlock and Chalmers (1955)
and Pent and Hutchinson (1556), and the average of all
these results is 7.4 minutes.

(i)  The pulses do not seem to be related to variations
of temperature, or, with less certainty, vertical air

~e

velocity.

6.5.2 Comparison with the Results. of Bent and
Hutchinson (1966), and Whitiock and

Chalmers (1956)

The phenomena observed on all three occasions have
one fundamental similarity. They all probably represent
:Hiscrete concentrations of spéce charge occurring only
in sunny weather. Also, the magnitudes of the
concentrations, and their mean separations, are about
the same. - However, there are importarit differences.

The first of these is the shape of the pulses. The
peéks of Bent and Hutchinson, from the illustration
they give, were straight-sided, and they do not report
~any asymmetry. Also, both sets of workers report only
positive peaks, but in the present work negative ones

were usual. This may be an accident of sampling, perhaps
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aggravated by failure to recognize the negative peaks
as the same phenomenon when the workers had become
Aaccuscdmed to looking forﬂéositive'onee, but this
expléhation seems unlikely.
One possible explanation of the shape of the

' pﬁlses is that this is an instrumental effect. The
_recérder cannot have been at fault, or it would not have
responded so quickly to the leading edge of the pulse.
”‘Similafly, the V.R.E. should react symmetrically to
the pulse. 1Its time constant is irrelevant, because we
are”not considerihg a decaylffcm an imposed signal to
'1zére, but from one imposed signal to another, as can be
't clearly seen by considering the cases where the peak
) " took the space-charge density negative from a quiescent

,positive value. The poesibiiity that this shape was a
‘:characteristic of the collector cannot be eliminated -
?ga somewhat similar decay wae noticed in one or two other
';.measurements ~ but once agein it seems unlikely that the
collector should react asymmetrically to the square-
edged pulses, especially .as the virtually identical
collectors of Bent and Hutchinson did not.

”§econdly, aithough the observations of Whitlock and

Chai@ers were solely of potential gradient peaks, there
- ﬁere hone obeerved to cqinciae with the space-charge

! peaks in the present case. It is possible that the
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-

‘space-charge columns reach sufficient height only at

the Observatory to affect the potential gradient, although
this seems unlikely. Although neither Bent and
Hutchinson (1966) nor Bent (1965) mention potential
gradient measurements in this connection, Dr. Bent was
kind enough to let the author have the computer print-
outs of his results for three of the days on which he
detected peaks, and these show simultaneous potential

1 high.

gradient peaks sometimes 30 - 40 V m
Also, in the present case, no coincident temperature
variations were observed. This agrees with the result
of Whitlock (1955), but disagrees with Bent and
Hutchinson who detected marked variations down to 0.5 m,
the variations at the lowest level being, in fact, the
most marked. Unwilling to neglect any possibility, the
author considered whether Bent's temperature and humidity
peaks might be an instrumental effect: Mr. M.J. Smith
(personal communication),wsho took over Bent's
apparatus, found that, due to a faulty biassing arrange-
ment, the channels on the recorder sometimes influenced
one-another, but consideration of the sampling sequence
which connectea the apparatus to the recorder showed
that the space-charge peaks could not have influenced
the temperature.

Although the importance of the difficulties cannot
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be underrated, it seems probable that the three sets
of measurement are related in some way. It would be
éurprising if three workers on the same site, however
irregular in topography, could each f£ind a phenomenon
involving peaks of space charge in convective weather,
- and that all three phenomena were different, and no
worker detected either of the phenomena reported by
the others. Clarification of the relationship of the
three sets of records must await further measurements.
Meanwhile, some limited conclusions can be drawn about
the nature of the peaks.

6.5.3 Relation of the Results to
Convection Models

_As was discussed in chapier 1, the best supported
model of convection in the first few metres is a layer
of forced convection, with fully-turbulent temperature
variations, overlain by a region in which freely
convective plumes are present. 1If is clear that figs.
6.5 and 6.6 invite the explanation that the space~charge
“pulses occur in the fféevconvection region, but not in
the forced convgction layef. This-would mean that the
* forced convection layer was about 1 m deep for a 4.5 m s 1
wind (at 10 m) -blowing up the Cbservatory field from the
west, but reached this depth at the apparatus in a wind

1

of only 1.5 m s = when the air had to blow across a
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five-metre hedge, which, of course, would increase the

depth of turbulence downwind. The lower cut-off wind-

1

speed over open ground at Mordon of 3.8 m s ~ is to be

expected from the longer grass there.

If this interpretation is correct, it is important
- in showing the depth of the fully-turbulent layer over
land much more uneven, and much more typical of this
country, than the very flat countryside over which, for
example, the measurements of Swinbank (Priestley 1955)
or Taylor (1956) were made. There seem to be no previous
data on the likely depth of the forced convection layer
over uneven topography. Comparison of the measurements
on the relatively flat country at Mordon with those at
the Observatory shows, on this interpretation, that
gentle slopes, and obstacles like trees within a few
hundred metres, make little diffg;ence to the depth of
forced convection, and the disturbance caused by the
OCbservatory building and tﬁe hedge is surprisingly little.

Fér‘comparison, Webb (1964) quotes 1.5 m as a typical

1 wind over flat

‘depqh‘of forced convection in a 5 m s
grassland on a "clear summer day in middle latiitudes”.
Webb is presumably referring to Australia, where the heat
flux will be greater and the forced convection layer

therefore shallower than in this country.
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If the Space~charge\pulses‘are associated with the
free convection layer, tﬁén they provide a very much
‘better indicator of the layer than temperature or vertical
velocity measurements. Near the ﬁoundary, the temperature
éulses are much less marked, as is shown by the example
given by Priestley (1959, P, 54), and was certainly found
_in};he temperature records taken in this experiment, from
which it was‘Sften very difficult to distinguish the
f;ee convection periods from the fully turbulent records.

Howavéf, the ;elation of the space-charge pulses to
buoyant elements remains obscure. It was shown in
section 2.4.3 that Priestley's plumes would be é%pected
to give space-charge peaks, but two orderé of magnitude
smaller than those measured. The other principal
obfection is the failure to detect coincident temperature
. peaks, althcugh, in view of the measurements of Bent and
Hutchinson (1966) , it is possible that there is some
‘other undetected reason for this. Also, in a leaning
plume, thé air from nearest the ground, being warmest,
and pfésumably carrying mosé space charge, would be
expected to concentrate on the upper, upwind side of the
plume, as is shown in temperature measurements. This
would give a sharp edge to the space-charge pulse at the
back edge, and not the front. Finally, both the diameters

‘and the separations of the pulses are greater than would
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“be expected for convection plumes, judging from the
reasurements of Vul'fson (1964). As far as the author
is aware, variation of the dimensions and separation of
plumes with wind-speed has never been reported.

One interesting possibility is that the plumes
"carry up from the ground not thﬁ space charge, but air
of greater conductivity. ‘The discontinuity of
‘conéuctivity at the upper, sharp edge of the plume might
give a very local space charge, as described in section
\ 2.2.2, which would account for the sharp leading edge
of the space-charge pulse, wﬁich would then coincide
with the back of the plume. The magnitude of the pulse
would depend on the conductivity gradient and the extent
to which an electrical quasi-static state, with a
conduction current, would be set up across the back
face of the plume during its lifetime. Inspection of the
records showed that the space-charge pulses coincided
no more regqularly with a shérp fall in temperature than
the§ did with a sharp rise, and the other objections

listed above remain.

6.5.4 Other Possible Explanations

The convection interpretation, despite all its
faults, seems to provide a better explanation of the pulses

than any other. A local pollution source might explain
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the constant duration and interval of the pulses, but
' cannot explain why they are only found in low wind-
y3peeds in sunny weather, and why they are negative on
_most days, but positive on others. It would also be
"remarkable for such a source to be present both at the
'Observatory and’ at Mordon.

| Another possibility is that electrode effect

produced Space charge at the Observatory mast or other

:::'objects, as described by Bent and Hutchinson (1966),

’:_,and this blew off at intervals. This would only‘occur

';?at low wind-Speeds, but . does not explain the association

;lwith _sunny weather, the presence of the pulses in the
'open country at Mordon, and, most telling of all, why

"~ the sign of the pulses is independent of the sign of the

'potential gradient. '

The possibility of some weather-dependent ‘
,instrumental‘effect, such as those described in section
4;6, cannot be entirely eliminated, of course, although
it is hard to imagine what-scrt of phenomenon it could be,
and why it should produce negative pulses on some days

" and positive on others.

6.6 Conclusion
The circumstantial evidence strongly suggests that

.-the space-charge pulses are associated with free convective
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~'cengiitic»ns;’\if this is trﬁe,.it.shows'that the depth
oflfhe forced convectioh lafer is about the same in
broken countryside as over very flat ground. The
relation of’ the _pulses to buoyant elements is, however,
:gobscure. . It seems unlikely that they coincide with
ieenvéctire plumes. The origin of the space eharge is
-also a complete mystery; Space-charge gradients usually

observed do not seem sufficient to account for the pulses,

-

' even assuming the peaks are in- some way related to vertical

- motion, It is hard to imagine a pollution source which
‘_wbulé give identical pulses at both the Observatory and
:Moréen, especially taking into account variation of the

" sign of the pulses, and the weather conditions under which

- they occur. Perhaps in solving the mystery of where ‘the

8pace charge originates, and how long the pulses last,
eame light might be shed on the cause of their relation
to free convectién‘conditions. More will be said on this

in chapter 10.




CHAPTER 7

SPACE CHARGE OVER MELTING SNOW

7. l Charge Released from Meltinq Snow

Bent and Hutchinson (1965) measured a marked space-
cherge gradient over melting snow on the ground in
juederatelwinds,.indicatiné that negative charge was
‘:Being releaSed to the air at the surfece. This chapter
‘._describes attempts to repeetitheir measurements, and
includeseestimates of the-couvection current and rate of
-charge separation required'to»explain~their results.

Some workers report that when ice sublimes, it

':>.releases positive charge to the air, which probabiy-

‘Aeccbunts‘forAthe positive spece charge observed near
.;blowing snow, and has been explained in terms of
temperature gradients by Latham (1964).' The negative

: fSpace charge often observed near melting snow may
originate from water becomingAnegative with reSpect to
iee:at the intetface. In melting snow, seme of the melt-

'water might be scattered in the air as small droplets,

‘;dwhich would evaporate, or be themselves trapped in the

“;charge measurement apparatus._ The magnitude of_the '

z'ueffect depends on many factors, hoﬁever. The presence

‘-f”?:bf carbon dioxide maﬂpe impertent,'perhaps because of its

-~ relatively high solubility and ionization in solution,
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_and other impurities also affect results. There is

evidenee to suggest that the rate of melting is also

~ important. Magono and KikuchiA(l963 and 1965), using

viinatural and artificial snowflakee, havelfound that the

charge released‘to the‘air debends very much on the

number of air. bubbles breaking as the ice melts,

' presumably because this governs the number of droplets

scattered into the air, and the charge therefore depends

on the dinensions and complexity of the crystals.

“In view of these many variable factors, it is not

’surprising that there is wide disagreement arongst

measurements of the amount of charge released to the air

_when ice melts., Most measurements have given results of

"theforder of 1 esu gm-l of ice (0 33 JC kgm . ) but results

vary from 0.3 esu:gm (MacCready and Proudfit 1965, for

natural’hailstenes'melting-in”the lakoratory) to 1 1l x 108

" esugn™' (Magono and Kikuchi (1963 and 1965) for snow

"crystals).

- 7.2 Space-Charge Gradients over Melting Snow

[ 4

- 7.2.1 General Theory.

' It was shown in section 2.4.2 that a convection

current deneity i2 in forced convection in horizontally
‘uniform conditions is linked to the space-charge density

grediept-by equation'(z.lS):
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30‘ ' x.-,_". o |
This was derived for neutral stability, since it

assumes % ’L"i', but, as Priestley (1959 P.39) has

‘pointed out, in forcec convection buoyancy plays no part
‘:, N in heat transfer , and this wind-speed gradient relation
} .therefore applies. Using equetion (2.3) -for the
= :.'.~conduction current il, we can write the total current 1
‘-*'at a pariicular height as
| Lo :. + 't‘.;_ ‘ '
‘ 2 (7.2)

R =F\+h.zu*’a,
Since (equation 2. 11) ‘ E
- . 7Y
Uy ® ‘“si
| . a2 do ' -
" e F\ - hl% 2 \z . (7.3)

" Bence, by mealurement of potential gradient, conductivity,

j:wind gradient, and’ space-charge density gradient at a

L particular height, the total upward current density could

::'. be calculated, and this would be equal to the rate of
charge-release to the air per unit area of snow sur face.
| /By a method analogous to’ that used to derive (7.1), |
and detailed by Pricstley (1959, chaoter 3)4: the- heat

o flux H can be shown to be related to the potential

L temperature gradient :;% by :
e TS YA T
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For explanatlon of the difference of sign, the reader -
- .is once again referred ‘to’ the conventions described in -

?.the Foreword.} Also o

‘h:*iwhere [1 is the dry adiabatic lapse-rate. If L is the -

ffizlatent heat of melting of ice, then a heat flux H melts

g a ‘mass’ of ice H/L per unit area per unit time. If the

“fji»lcharge released to the air per kilogram melted is S, '

| "éterence, from (7 2)

:‘which we may call the specific charge ' then _
e '} = SH/L »:*“,.A_f"f - (7.5)

R .;c)'
- G ~L';(E;:;f§§?f;*"ii.'
.;?iii' | fCP 6’§'f'P)J‘

This treatment involves a number of assumptions, in

. (7.6)

;cvparticular that all the heat flux melts snow at the
’;'surface, and that all the heat reachinq the surface is
‘;3carried down from the’ warm air above by forced convection.
| With the snow surface at O c the first assumption

‘:is likely to be not much in error. With regard to the

w'ff.,lseconcfl, any heat from the ground will presumably melt

~snow at the bcttom of the layer. A more serious'error 1s
likely to be the heat £flux from radiation from the sun

o and the sky in clear. conditions. ‘This might be -
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'fACaiouIabie'for a’particulér case - Sutton (1953, chapter

'.;3) dlscusses this nroblem - but in this treatment we

”,7fsha11 assume the radiative heat ‘flux to be negligible,

éf’f'as might perhaps he the case under an overcast sky.

. ' 'when - -

L5y 10

. The treatment also assumes aerodynamically rough
>J7flow, which;,over_efsmOch snow:surface, requires

'},ajustificatioﬂ.s Priestley7(1959).states that it occurs

| | u, = ‘L‘:'V/z i (7.7)
‘ where V is the kinenatic visccsity. For air around

1

0 C V = 1, 3 x 10 5 2 According to Priest’ey

yf(1959 P, zl); over smooth snow: on short grass, g, =

-5 m, ana 80 (7 7) becomes :

_¢4kf :> O 6€ Mg =
,”gThe general condition becomes .

e B > 3_,25".""0'; wsTh (1.
-Figures given by Priestley show .that over smooth-snow

-gon short grass this would correSpond to a wind-speed at

- 2 mof 18.5m s 1, which means that over such a surface

the treatment could only be used in a strong w1nd.

However, since the determination of S requires calculation

of -u,, and Zo can easily. be determined, a check can be
kept on the applicability of the treatment.
| - It should be noted that (7.6) gives only the charge
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'"freleased to the air.' Much of the charge separated in

_melting is. presumably carried in melt-water which

. *percolates through the snow to the ground, and would not

;gbe measured by this method. The proportion released to
the air in the form, initially at least, of small '
droplets, is likely to- depend mainly on the texture of
‘the snow surface, but also on the degree of turbulence
'in the air near the surface.1 This second factor suagests

:that there might be a relationship between S and u,, to be

-zsijdetermined experimentally.

7.2.2 A 'lication to Measurements of Bent
and Hutchinson (1965) .

As already mentioned Bent and Hutchinson report a

.iperiod (their period .ncY) when they measured a positive

.': _sPace-charge density gradient over melting snow, in a

mean-wind-speed of 10.5 m s -1

at 10 m, and a mean
temperature of 2.5°C at 1.2 m. Using these'figures we
can make a very rough calculationgof the specific charge
of the melting snow, although we have to make assumptions
- about the gradients. The calculationvwill, in any case,
serve as an example of'the application of the method.

In addition to the charge gradient, Bent and
- Hutchinson observed a high positive cnarge density at

higher levels, which they‘attributed to blowing snow on
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cistant hills;; Since it came from a distant source,
~vthis charge should have been uni formly mixed and cught
:not to have affected the. charge gradient This will be

i~eassumed to be the case. -

‘ First, we must calculate u, Z to find whether the
'.flow was aercdynamically rough If we knew the wind-

: ‘Speeds at two’ heights this could be done by substituting

”Aboth sets of figures in the wind profile

& = ‘Le’ﬂe

Uy

(7.9)

ﬁcwever, we must here assume a value for Z ; .PriestleyA
l'(l959 P. 21) gives 2, =10 -3 m over a -snow surface on
Abnatural prairie. Taking u as 10.5m s -1 and Z as 10 m, .
A(7.9)<gives u, = 0.46 m s’ -1 and u, 2 =h4.6 x 1074 n? s-l,
which fulfils the condition (7.8)."The condition is ful-
- filled unless 7 <10 'm, which seems unlikely.

As already menticned,

h\ a. )L\ §e

Putting u, - ke 24 ;1 and 2_.9% ~ D'I
C _ . - ‘ -BT : ) . ;_,“ N
M = PC—P ‘l% Uy -;% ? D

if T = 0°C at 2z = 10 3p, integration of this gives for

the temperature difference between that height and 1.2 m

H
Cp ke (7 (o)

The Space-—charge density dlfference between 1 and 2 m, & ’

AT = T
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_-is-given by.the 1ntegra£ion of (7.1), aesuming the

"?“Avconvection current to be constant with height between

: these two levels-", }
Cbe - 0695 t,/ku_,, | @an

‘f_The charge released S will be transferred upwards by

o conductlon and convection. Let us call the part

”'f:tranoferred hy conduction 5, and the part transported by

‘“3_1convection 82 Clearly.

., | , S = S,'*cgi:
e_end,“from'(7*5)," o "'S L“z/L!

' :'fi_ whence, using (7 10) and (7. 11)

g = teal b‘/c, a1

7 'We shall take Cp = 1. 01 x 10° J kgm™! deqc™, L =3.34 x

".Hence

5 -1

A“1o J kgm —, and" =1 .28 kgm m ;. Bent and Hutchinson

obtained O =250 e cm 7. (40 pC m-3) r and A T:-2.5 degC.

S, = O-oh1 /\.\.C hﬁ»\-,
= O esu g

This, of course, only represents the charge which is
released at the surface and carried upwards by convection
 between 1 and 2 m. . The convection current is shown by
(7.11) to be equal to 1.06 x 1071 4 n2, assuming u, =
0.46 m's”t. |

B Theipotentiai gradient at 1 m during the measurement was
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4"500 v'm';, and if we assume the conductivity.at 1m

measured at the Observatory by Higazi and Chalmers (1966),

-1

,84x1015.ﬂ.1 ,from

»L‘ = B ,»-1 <—L (2.3)
L b2 x 100 Am

This is a little under half the convection current value,

. and'S,-might therefore be about half Sy4 if the value
'taken for the conductivity were realistic. However, the

';‘Tmelting of the snow may be accompanied by the production

" of small ions, which will increase the conductivity. As

is shown by £ig 2.2, this would not by itself increase
the conduction current' but the space charge present has

" increased the potential qradient, so the current will be

j'“greater. Clearly, if this method is to be useful,

, measurements of conductivity and potential gradient are
essential..-. v | 4
As regards errors on the heat flux, the Observatory
'rtrecords show the sky to have been overcast all day. One
.source of error not yet considered ‘is the heat. used up |

:“f—in vaporizing any small droplets produced ‘at the .

‘*fsurface. SOme kind of estimate of this can be made by

r.Q;_measuring the water vapour pressure gradient, and hence

“;the flux of vapour.' The report by Bent' and Hutchinson

”‘j{;gives a- gradient of relative humidity, but when the

E temperature gradient is. taken into account, it is found




Ad*-;'(o 16 pc kgm ), which compares well with measurements

166,

__that. this repreeents an insignificant gradient of
“water concentration. It would seem that in this case at
:least, the error from this eource is small.

B -We can conclude that, to the nearest order of
,imagnitude or so, the charge released to the air by the
:imelting snow. in the case considered was O, 5 esu gm -1 4

[

- by the other methods already mentioned.

*;:7 3 Measurements

Although apparatus for measuring conductivity was
5jnot available, it was felt worthwhile to try to measure

Ny the convection current from snow, if only to define more

o closely the melting conditions ‘under which charge

‘separation might be expected. Preliminary measurements

;"iwere made in the winter of 1965-66 but this was done

' 5‘ 1 before the above theory was worked out, and the nmeasure-

';f'ments were not acccmpanied by wind and temperature

-:.gradient determinations. In any case, a possible charge

"iildensity gradient was detected on cnly one occasion.

Unfortunately, the winter of 1966-67 was almost
’entirely without snow at Durham. Two days of measurements
fwere obtained there, and three more on trips into the
f;Pennines, but -even there snowfall was comparatively light.

The temperature gradient was measured, ‘as described in
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'section 5. 3 3, and the wind at o 5 and 1 m. Space-
'charge deneity measurements were made at the same heights,
‘flbut, as only one collector was’ available, these had to
'{1te made successively and not simultaneously; '
vsi',;-Qn no'occasion was anyrspace-charge density gradient
_,oﬁaerved. For all the sites, u, 2, exceeded the critical

value at the wind-speed used but for the three sites in

4~.the Pennines -the value of Z calculated was found to be

f;ridiculously small (less than: 1077 _ m), 1ndicating .either

' that the ground was. too rough to apply the equations, or

g that one of the anemometers was faulty. The satisfactory

readlngs were taken on a football pitch at Durham.~

-1

For one, ‘u, was 0.46 m s e the lnm wind-speed 0.83

Vl{imAs—l, and the temperature difference between 0.5and 1 m

- was 4.18 degC; for the other, u, was oO. 32m s}, the 1 m
o wind-speed 0.49 m s l, and the temperature difference

| 0 07 degC, which is probably not significantly different

~ from zero, bearing in mind ‘the probable error on the

thermistor measurements._

_ 7.4 Proposed Experiment

_  Measurement of cnarge Separation on melting by any
methOd is beset by difficulties, and so it is not out of
the question that this method ‘should yield information .

: ueeful in evaluation of thunderstorm electrification
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1A'theories.. However, the effects of dissolved gases and

- of crystal structure make it clear that the most useful

.i'lresults would come £rem snow which melts soon after it

afalls, and in an unpolluted region. The site would also

'3need to be level for a. distance upwind of perhaps a few'

t;e hundred metres to ensure reasonable horizontal uniformity

'fuzin the air, and smooth.v The prohlem in this country would

. ‘"éikbe to find such a site with snow~fall that could be relied

‘9Zfe;upon, but’ which remained accessible through the winter.

'"'ﬂﬁ;fThe meaeurements required would be:

a)
m)
@

'Wind»Speed at two heights (say O 5 and l m),
Temperature at the same heights,_

:éSpace-charge density at the same heights; l-"

Total conductivity and potential gradient at

N‘.::'ifabout 0. 75 m;

. jl_:/‘(e);.;t;;Humidity at the two heights. |

o *;varom (a) and (b) could be calculated the heat flux to the

"”xi;:snow surface, from (a) and (c) the convection current,

' ﬂf:;from (d) the conduction current, and from (a) and (e) the

ri:‘:{;water vaPOUr flux, fram which could be determined the

‘ifproportion of the heat flux evaporating the melt-water,'

etfand the proPortion melting the snow.‘

Tew

In the author s opinion, this would be a worth-while

fexperiment on a suitable accessible site with’ predictable
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snow-fall and melting conditions, but is probably
‘unsuitable for the climate of England, although it
might conceivably be possible elsewhere in Britain.




'CHAPTER 8

POINT DISCHARGE AND FOG MEA SUREMENTS -

;_ Tﬁis_chapter describes measurements made of point

".discharge currents and in fog. They are grouped together

;.-becanee in both ceses the'spacefcharge 13 emitted from

'i an elevated source, and blown avay, di‘fusing sideways

L as it qoes. The possibility of using such a situation

in diffueion measurements is considered.

'-x8;1 The PointrDischerge”Experinent'

8 1.1 Point Discharqe fram Trees

“ince the first suggestion that corona discharge :

from points connected to the ground might make a

'fﬁisignificant contribution to atmospheric electrical

processes, various attempts have been made to measure

the current in high potential gradients from living trees,

;i which probably constitute ‘the majority of such points over

land, and to assess the total current from a large area.
Milner and Chalmers (1961) attempted to by-pass the current
down the trunk of a tree by inserting electrodes at
different heights, and found that a lime tree in leat,

" about lS m high and the same distance frcm the nearest

' other trees, began to discharge when the ambient
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potential gradient reached a threshold value of about
1000 Vv m™1, Ette (1966), and Jhawar and Chalmers (1967)
have shown that this method does not measure the total
current down the tree, and sc the measurement by

Milner and Chalmers of about 2 pA in a potential gradient

of 2500 V m™~t

is presumably an under-estimate., Maund
and Chalmers (1960), measuriﬁé the depression of
potential gradient downwind of‘trees, calculated that a
12 m sycamore in full leaf gave less than 1 pA of space
charge in a potential gradient of 7000 V m™t. Using
the same technique on a line of poplar and ash trees,
Maund (1358) showed that these had a threshold potential

l, and that the current in

gradient of about 1100 V m
summer, with the trees in leaf, was about one-third the
winter value. Bent, Collin, Hutchinson and Chalmers
(1965) measured directly the space charge during a
thunderstorm downwind of a line of ash trees in bud, and
estimated the current per tree required to produce it to
be éf the order of 1 pA. Their potential gradient
measurements were made in the region heavily influenced
by the space charge they measured, and cannot therefore
be related to measurements sy other workers.,

Jhawar and Chalmers (1967) insulated a small

living tree, and placed it between two metal plates to
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vhich a voltage difference was applied. They found the
‘relation of the current i to the voltage V vhen this had

reached a threshold value Vo to have the form
) Y 3
L oa V(N- Vo) (8.1)

This experiment makes it seem likely that the current
from a tree in a thunderstorm follows a cubic relation
with potential gradient, althbugh Milner and Chalmers
(1961) found a linear relation for their tree, and so did
Maund (1958) for his line of trees.

The measurements on individual living trees,
although féﬁ in number, agree in showing that discharge
begins when the potential gradient reaches about 1000 V
p‘l, with the measurement .of Maund and Chalmers on the
sycamore as a notable exception. When we consider the
_total charge transported from a large area during a storm,
‘there is more room for doubt. Experiments with artificial
points have found ratios of negative charge to positive
cparge brought to earth pverdperiods of months between
1.3:1 and 2.9:1, and point discharge current would
therefore contribute to the "charging current® of the
Earth's field. However, the problem of extrapolating
from a single point to a large area containing many trees
of different exposures makes estimation of the total

current from this source difficult., Most workers have
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obtained chaigq transfer éates in England of roughly
100 ¢ km ™2 yr~! or rather more, in which case point
discharge makes up the greater part of the charging
current. Such figures are based on estimates of the
"effective separation® of points, derived either by
counting trees, making allowance for their exposure, or
from rain currents. The extrapolation from individual
trees to a large area is still a matter of doubt.
Wormell (1930) pointed out that the total point-discharge
current was likely to be ébverned by the cloud and not
the nature of the surface, and this idea has been
developed by Chalmers (1952a, and 1967 section 9.25).
The vertical current over a thundercloud has been shown
to be of the order of 1A, and the current underneath the
cloud must be the same. In the absence &f any other
charge transfer process likely to be of sufficient
magnitude, point discharge must provide most of this
current, and if the points on the ground are small, the
potential gradient at the ground will increase until the
total current they give is equal to the current above the
cloud.

The measurement described here, although unconfirmed,
must apparently be explained by point discharge at a small

clump of trees, and forms an addition to the gparse
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experimental data on this subject.

"8.1.2 OQutline of Method
Haund and Chalmers (1960) have shown that the

'»spaée charge flowing from an isolated point at height

h has virtually the same effect on the potential gradient
at a horizontal distance of downwind from the point as
an infinite lire of charge, provided that < < .r‘; L.

'Thia case has been treated by Davis and Standring (1947)

who obtained an expresaion for the potential gradient due

. to the charge ‘

— ll S 8.2) -
. aTg, wh (A“’k‘)}-" (

where €, is the permittivity of free space, and u the
wind—speed. ) |

A group of trees can be considered as a large
number of discharging points, each of which will produce
this potential gradient reduction directly downwind. The
field mill can only be directly downwind of one part of
the Elump, however, and the field contribution at the
mill from other points will be less. Maund (1958) stated
that if the wind blows at an acute angle<¢ to the line
joining the point to the mill, the expression (8.2)

1riw (W edt4illg) (R edr)k
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This is not quite equivalent to the case under
consideration, because for a point in a group of trees

the distance D must be substituted for 4 in (8.3) (see

fig 8.1), giving

Fe Lh [I + 4 ] (8.4)
trtou(ht+drllp) (W «draelg)s
Using this formula, the effect of the finite size

of the clump can be assessed for a particular case.

8.1.3.The Experiment

During hay 1967, an unusually long spell of thundery
weather occurred at Durham, and the opportunity was
taken to carry out an experiment similar to those of
Maund and Chalmers. The three field-mills were used,
with their ranges extended as described in section 5.2.3,
with one placed up¥ind and another downwind of a group
of three deciduous trees in full leaf., There was an ash
tree in bud nearby, and the third mill was placed downwind
of this, in the hope that it might be possible to compare
its characteristics with those of the clump.
Unfortunately, on the only occasion for which a useful
record was obtained, the wind wasg blowing roughly from
the clump to the ash tree.

A plan of the group of trees is shown in fig 8.2,
where A is a hawthorn 10.7 m high, B a 15.9 m lime tree,
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and C a 14.2 m plane tree. The nearest trees upwind
were in a small group about 12 m high to the north of
the Observatory, which was 130 m SW. The record of the
10 m anemometer at the Observatory was used for wind-

speed information.

8.1.4 Results and Discussion

Fig.'8.3 shows part of the record obtained when
tvo or three decaying cumulonimbus clouds passed nearby,
the full line showing the upwind mill record, and the
dotted line the downwind, It can be seen that at low
potential gradients the outputs of the two mills
generally agreed to within 50 V m™L - the accuracy to
which the records could be read. On three occasions of
high potential gradient (at 1141, 1147, 1226), however,
the downwind mill read substantially less than the upwind,
and the difference was especially well-marked for the
peak at 1141, where the difference exceeded 200 V m L
for over 3 min., The only explanation/for this seems to
be a source of space charge between the mills, and,
although it is unwise to be too dogmatic on the basis of
one record, point discharge at the trees obviously
provides the best explanation.

The clump was 20 m wide perpendicular to the wind

direction. Referring to fig 8.1, what appeared from the
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mill to be the edge of the clump would make an angle
¢’ of about 22°, Comparing equations (8.2) and (8.4),
it follows that the potential gradient decrease on the
downwind mill due to discharge ét the edge will be only
about 60% of what would be measured if the mill were
diréctly downwind from the edge. We can therefore

expect the value of the current for the whole group
derived from (8.2) to be too low by not more than two-
fifths, and probably by.ﬁuch less than that, since the
highest parts of the trees were near the centre.

Table 8.1 shows the current calculated from (8.2)

for the four main peaks, taking d as 26 m, and h as 14

m. (It will be noticed that for these dimfhsions d is
slightly greater than J§ h; d wés originally set by the
height of the tallest tree, 15.9 m, but it seems
reasonable to take the centre of the space-charge plume
as a little below that. In any case, the error will not
be great.)

Table 8.1 The four potential gradient peaks

Time Upwind P.G. Reduction Mean Wind-Speed Current

"1220 - 950 v mt ovml 2.5m gL 0 pa
1226 + 1000 170 3.1 0.22
1147  +1150 150 2.5 0.16
1141 - 1650 300 3.4 0.42

It seems probable that the 1141 current at least is
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- signifiéén£.v‘As already mentioned, the calculated.
.'1 value.must berincreased to allow for the finite size

_of the clump.

. 8.1.5 Conclusion

The record seems to show that the group of trees

*“ starts to discharge at slightly less than t 1000 Vv l,.

and gives a total current of about 0.5 pA at an ambient
: . . ;

.rpotentiel gradient.of -1650 V m-',' It seems likely that
- nossiof the charge originated eﬁ‘the two taller rrees,
7:'wh1ch overshadowed the hawthorn.. This result is
;econsistent with all others for trees in leaf, except that
"of Maund and Chalmers (1960) on the sycamore, which

Ea remains unexplained.

1S.ZAPOQAMeasurements '

- 8.2,1 POwer-Line Insulétioh Breakdown

Chalmers (1952b) showed that negative potential

'i-f?gradients observed in fog were~assoc1ated with overhead

~w-power lines, and pr0posed that space charge produced by

~:'.patrt:l.al breakdown at the 1nsulators was responsible,

qeveral workers have since confirned the observation,

B and have shown that the charges can survive for miles
',downwind. Bent and Hutchinson (1966) showed that the

'*charges persisted even after the mist had evaporated,
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énd also attributed negative~space charges on humid
nights to the formation of dew on the insulators.

Groom and Chalmers (1967) showed that the charge was
‘indeeé produced at-the pylons, and suggested that
discharges resulting from the breakdown of surface
':ihéulation~wou1d produce electrons. If these were produced
at the negative peak of line voltage, they would be
~ repelled from the.line, and might then form negative

- small ions before they could be attracted back to the line
~1n the positive half of the voltage cycle. The ions,
having a lower mobility than the electrons, would not be
attracted back all the way to the line, and could be blown

away by the wind.

The problem of surface breakdown on damp insulators
is well-known to electrical engineers, and much effort
has been put into designing insulators that will not form
a damp layer over the whole surface and are easy to
clegn, for the problem arises not from a layer of pure
water, but the méistening of a deposit of pollution,
forming a conducting layer. The problem is reviewed from
this point of view by James (1965). -According to James,
insulators are designed to give a uniform voltage drop
down from the cable to earth. A conducting surface layer
means that the lines of force ending on the insulator will

be perpendicular to the surface rather than oblique to {it,
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.'leading tc concentration of the lines of force and

‘perhaps corona discharge on the more highly curved parts

- of the surface. The current flowing in the moist layer

‘jmay be several milliamperes and so there is quite

'A sufficient charge flow to sustaxn a corona discharge

Acu:rent of some microamperes. In addition, the heating

" produced by.the'currect'ﬁay dry pait of the current-peth,

' 7. 5ieading-to a discharge along the sur face.

_ _ It is clear that the electrons pxoduced will be
-:influenced by the field at the insulator surface, and
. not by a simple radial field}from_the_cable. The
B ptinciple of the iheory of Groom and Chalmers ;s'not
affected, however. |

Dr. J.S. Forrest, F.R.S., of the'CentralrElectricity
Research lLaboratories, (personal ccmmunication to Groom)
'Vhas pointed out that on the higher voltage cables,
i cperating at 275 and 400 kV, corona discharge occurs on
the conductors themselves, acd has suggesﬁed that this
might contribute to space charge, eépecially as wind-

speed is observed to affect the‘phencmenon.

_ 8.2.2 Measurements

Throughout the experiments, negative space charge
was observed to be generally associated with mist., Durham

is now :surrounded by power linee_(fig 8.4) and the wind
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direction makes little difference. At Mordon, on one
occasion, a change within half an hour fram positive
space charge and potential gradient to negative was

associated with the passage of a sea breeze front, the

wind bringing mist from the coast, and passing a 275 kV

line on the way.

As regards the minimum voltage required to produce
appreciable charge, it was found that lines of 66 kV and
above gave negati#e charge in mist whenever measurements
were made. On two occasions, attempts were made to detect
charge from 20kV lines, by measuring the space charge
upwind and then downwind of the lines, On the first,
the wind was about 10 m st (at 10 m) and the visibility
about 4 km; on the second, the wind was about 15 m s +
and the visibility 1% km. ©No significant charge
production was measured on either occasiocn.

During mist in a north-easterly wind of less than
1m s, the opportunity was taken of measuring the
space-charge density in mist blowing off the seca. This
mist, of course, would not have had contact with power
lines. The charge density at the Observatory was about
- 8 pC m™3, but on the sea-front at Marsden (NZ 403645),
about 26 km NE, the charge was + 8.5 pC m™>: a normal

fair-weather value. By a fortunate chance, the period of
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measurement coincided with the passage of a front, and
wvithin an hour the wind at the coast was blowing off the
land, although still very light, and the charge had
changed to - 14.5 pC m™>, Although conditions are
perhaps not really comparable, the space-charge density
in a cloud was also measured on one occasion, and found
to be positive. This was during one of the snow
measgurements at 650 m above sea level in the Pennines,
when descending nimbostratus enveloped the apparatus,
and the charge density Qas observed to be indistinguishable
from just below the cloud, viz. + 24 pC m 3.

Attempts were also made to measure how the ratio
of the concentrations of small and large ions depended
on the distance from tﬁe pylons, as suggested by Groom
(1966) . The small ion filter (section 4.5.1) was used.
A measurement was made in mist not particularly close
to any lines, and when this failed to detect any small
ion concentration at all, the measurement was repeated
immediately underneath the support pole of a 66 kV line
in a visibility of 1 km, and no detectable wind. Like
most of the fog measurements, this was carried out at night,
and the sparking on the line insulators could be seen.
However, there was still no detectable difference between
the total space-charge density andthe large ion space-

charge density. A subsequent laboratory test confirmed
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that the smail ion filter was still functioning.

Although this unexpected result needs confirmation, it

- seems that the lifetime of.a small ion in mist must be

considerably less than a minute..
An attempt was also made to measure systematically

another sort of variation with distance. It was noticed

that in light winds there was a decrease in the negative

' spaceécharge‘dengity with distance downwind ffom the

pylons, ‘and, since this was presumably due to the

-diffusion upwards of the chargé, measurements were made

. to see if this could be used to investigate the actual

aiffugion processes themselves, The experiment was

usually carried out at night, when the mist was thicker,

the wind conditions steadier, and the traffic pollution

less. It was, of course, impossible to conduct

. simultaneous measurements at different distances, and

the shortness of the lifetime of the cdllector before

insulation breakdown under thesé conditions added to the

problems. - In fact, the decrease of density with distance

did not seem to be related systematically to the wind-
speed. In a typical case, in a visibility of 4 km and

a wind-speed of about 1 m s";, the space-charge density
decreaséﬁ from -23 pC m~3 130 m'downwind from the pylons -

to-1 pC m™> at 1750 m. As would be expected, in these
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light winds measurements near the lines showed rapid
variations with time, presumably as the wind-direction
changed slightly, blowing the plumes of charge from the
pylons towards or away from the apparatus.

Also in an attempt to see how the dilution rate
varied with wind, measurements at the Observatory in
mist were examined to see if space-~charge density values
could be related to wind-speed and direction, but once
again there was no apparent regularity. Presumably
other factors, such as traffic pollution, are more

important.

8.2.3 Conclusions

The measurements generally confirmed what was
already known about space charge produced at pylons in
mist. It seems that lines of 20 kV and below do not give
appreciable charge, but that lines of 66 kV and higher
give negative charge even when the visibility is 4 km:
it is probably the relative humidity that matters.
Measurements suggest that i1f the negative charge is
initially in the form of small ions, it is captured by
large ions in less than a minute., The amount of charge
produced at a line would be expected to be related to
the pollution deposit on the insulators.

The possibility of using space-charge measurements
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in diffusion studies will now be considered further.

8.3 Possible Diffusion Experiment

~ The decrease of space-charge density with increasing
distance downwind of pylons suggests that it might be
'possible to .use such measuremenﬁs to carry put studies
"6n‘the diffusibn.of pollution from a point source, such
- as ﬁas been ddne.with‘smoke:from factory chimneys. An
elevated point charged to a high potential could provide
the space cha:ge by point discharge, as in the experiment
of Large and Pierce (1957). The current flowing could |
easily and accurately be cohtroiled and monitored, this
'perhéps providing the,chief adﬁantaqe over conventional
methods of study. The heiéht of the point could also
be changed at will, Downwﬁnd,lit nmight be possible to
use potential gradient measurements at the ground, like
‘those of Maund and Chalmers (1960), or a more direct
method of space charge measurement. Close to the point,
it might be possible to erect a filtration space-charge
1collector on a derrick, which would have to be of
insulating material, to avoid interference from the
electrode effect, as observed by Bent and Hutchinson
' (1966). This would probably still give trouble by charge
separation near the earthed electrostatic shield of the |
‘collector: Such an arrangement @ould be clumsy, however,

‘and useful measurements are more likely to be feasible
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’ ét a greater distance from the source, where the
apparatué could be mounted nearer the chund without
appreéiable error or could.be,used on'an aircraft.

» Tﬁeidiffusion rates could be 1nve§t1gated by measuring
;theféecrease of charge‘density with distance directly

_ dbwnwind of the point, and the éensity cross-section
"jperpendicnlar to the wind:direction‘ Because a discharge
éﬁrrent of éﬁgeW'microamperes wénld proﬁide a large
amount of space charge (Chalmers(1952b) éstimated the
current from each pylon to be about 1 pa), useful
measurements should be feasible frcm this point of view
for perhaps a dozen kilometers downwind.

. Account would have to be taken of the effect on
charge movement of the ambient fair-weather potential
gradient, and the radial poﬁential gradient produced by
the plume itself. The radial potential gradient would
be strongest near the source, of course. Analytical
calculation is difficult, but the test experiments of
Maund and Chalmers (1960) on their thecry seem to show
thaﬁ its effect should be negligible near the source.
As was pointed out in section 2.4.1, the movement of
even small ifons in the fair-weather potential gradient
Cis much slower than their movement by diffusion, and it

is probable that the ilons produced by the discharge




FIG.9-5 DIFFUSION OF SPACE-CHARGE FROM POINT
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would not stay as small ions very long. However, the
potential gradient produced by the plume and the
ordinary atmospheric potential gradient would probably
produce an appreciable effect over large distances,
. although it might be possible to allow for this.
7 Thé time for which the ions produced at the source
wbuld remain small can be roughly calculated by considering
how far the plume would have travelled before the volume
| it occupied contained as many nuclei as small ions.
‘-Referring to fig 8. 5, suppose the point-discharge current
is i, the wind-sPeed u, the number of nuclei per unit
v ' voluﬁe 1s X and the ratio.of r to x is k. The number
of small ions of éhafge e in unit length of the plume is
cleérly i/eu, and 1n'1ength x is ix/eu. The number of
nuclei in this volume is wh™x ?C/ 3 . and these
numbers are equal when '
x? = 'SL/wk‘eu X

-1

-19 C,u=5ms ~,

Taking i = 1 A, k = 107t

- X = 103 n™ = 109 m-3, this gives x = 450 m approximately.

r €= 1,6 x 10

This is only a rough calculation of course, but it

indicates thét we can expect the plume to consist mainly

of }arge ions at something like 1 km from the source.
The feasibility of this experiment clearly requires

further investigation, especially from the point of view
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of the influence of the potential gradients on the ion
concentrations at the ground. The influence of this
factor on the spread of pollution from oconventional
sources does not seem to have been taken into account.
The principle consideration is, however, whether any
useful new information oould be obtained by such a
technique. A comprehensive survey and bibliography of
diffusion from a point source is given by Pasgquill (1962).
The experiment would clearly require a site with no

other. space charge sources for a large distance.
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CHAPTER 9

' OTHER MEASUREMENTS

9.1 Normal Fair—weathér Space Charge

In. fair weather, the space-charge density at 1 m
almost always laj in thé range:O - 25 pC m;3 (0-150 e
cm’s). Siﬁce this charge p:obablé'cémes for the most
part from artificial sources, it is unsafe to draw any

“conclusions about the presence of natural processes.

9.2 Pollution Effects

. It has been noted by QéfioQS workers that the
exhaust of road vehicles éométimés gives positive space
» charge. This.was'néficéd oh'sevéral occasions, and the
impression was gained that Céfé passing along a road had
little or no efféct, and neither did heavy vehicles going
downhill, but that lorries‘Or buses going uphill, with
their engines working hard, produced copious poéitive
~ charge. This may 1ndicéte that the charge is produced
primarily by diesel engines, which was the finding of
Mﬁiheisen (1953) . Fig 9.1 is a copy of part of a record
4 taken during fog measurementé. The Land-Rover was parked
_ beside a road with a slight slope, It can be seen that
- the only gffect certainly attributable to a vehicle was

due to a lorry going uphill, which produced a space-charge
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density peak about 55 pC m-3

high. 1In princiﬁle, it
" .should be possible to estimate the current flowing from
the vehicle, but in this case it-is difficult because

the wind was blowing almost directly along the road.

If we assume that the component perpendicular to the road

1

was 0.5 m s ; then the time the charge pulse took to

pass (50 s) corresponds to an "intersection length" of
25 m. If we assume the lorry produced a plume of space
‘charge 25 m in diameter with its axis horizontal,‘and was

1, the volume of space charge

2

' “travelling at 15 m s~
: pfoduced every second was w x 12.5° x 15 m3, corresponding

ito a current the order of 0.5 pA.

As was remarked in chapter 2, it is well known that
steam trains produce Space éha:ge, but there seem to be
" less data on diesel locomotives. At Mordon, as already
noted, trains could be seen passing about 0.5 km away,
, but, even with the wind blowiﬁg directly from the line,
there was never any fluctuation of potential gradient
"«'6t'space charge density which could be associated with
Atheﬁ.
~ On one occasion at Mordon, with clear skies and a
slight haze giving a visibility of 4 - 5 km, the potential
- gradient was steady at about + 300 V m—1 = mach higher
than‘usual - although the spéqe-charge density had a

normal fair-weather value. The wind was blowing from the
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east, and the effect may have been due to pollution
from Imperial Chemical Industries' petrochemical plant

at Billingham, 12 km upwind.

9.3 Precipitation current

N During the point-discharge experiment (section
8.1.3), when the three field-mills were spread out
-'roughly in a line, with about 50 m between each and the
hext, a ﬁériod of‘heavy rain and hail was experienced.
The field-mills, although not inverted, continued to
operate, and gave an outpu£ with very rapid fluctuations
in both directions.‘ On all three mills, the same
fluctuations occurred simultaneously: the way in which
the thiee recorder pens moved together was very striking.
Precipitation current, caused by the rain-drops giving
their charge to the vanes of the mills, would give
negligible output, and wind-blown charge would not have
 affected ali three mills simultaneously. The field

~ changes seem likely to be due to charge carried on the
’4“precipitation above the mills, and the fact that the
chénges were éimnltaneous indicates that on this

- occasion of heavy rain and hail, fluctuations of
précipitation current occurred with peﬁiods of less than
‘one second, and the changes were simultaneous over

' .horizéntalvdistances of about 100 m. Similar observations

might be useful in precipitétion studies.




CHAPTER 10

SUGGESTIONS FOR. FURTHER WORK

Section 4,7 gives recommendations about the design
. of future space-charge collectors, and further possible
experiments on the charge released by melting snow and
on diffusion are diséusséd in sections 7.4 and 8.3

respéctively.

10.1 General Observations

As has been indicated in chapter 4, the space-charge
<measﬁrement apparatus used was found to be not very
5éatisfactory for transport, and the author would not
recdmmend attempting an expe:imént of this type with
mobile apparatus. Breakdowns were frequent - it often
seemed that three days in the field were necessary for
one day of-usefulrreadings - an& the equipment took a
long time to set up and-dismantié. Apart from the time
taken for travel, it usually took about an hour to set
up the apparatus at Mordon and to get it working, and

another to take it down again. If there is any choice
in-the matter, an experiment'on a fixed site is much to
be preferred. If therrecommehdations of section 4.7 were
adopted, space-charge measufement from a vehicle could

become fairly reliable, but to attempt to run a whole
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‘expe:iment.with much apparatus on a mobile basis means

"much timé wasted,

10.2 The Space-Charge Pulses

~ As was mentioned in chapter 6, the moét obvious
approach to the prbblem of the épace-charge pulses is
:.fo attempt to trace the source of the charge. It appears
.1t would be hecessary to use two collectors, of which
one at least would havé to be'mobile. ‘With these,
attempts could be made to detect the same pulse at
-different places perhaps a féw,hundred métres apart, to
‘confirm that the pulses do move with the wind. It could
be seen whether the;r magnitude changes with time, and
perhaps whéther they have an identifiable source.

On a suitable site, simultaneous measurements of
Richardson's number (section 1.3.3) could confirm that
the pulses are indeed associated with free convection,
The surprising lack of correspondence with temperature

or potential gradient fluctuations needs to be confirmed.

10.3 Point Discharge

As potential gradient is so easy to measure

accurately, it is surprising that the method of Maund

-~ and Chalmers (1260) has not been used more widely,

especially as their result on the sycamore was so un-
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expected and possibly very important in computation of
the charge "balance sheet” of the Earth. It should be
reasy to apply the method to a wood, since by integrating
equation (8.4) the potential gradient due to discharge
from an extensive width of trees could be calculated.
This is an interesting and complicated problem, since
| the trees are not only shielded by the presence of their
fellows, but by the space charge they produce upwind.
In a place like Durham, with relatively few

- thunderstormg, such an experiment might have to wait a

long time for readings, but as it would be very simple
to perform and would require little apparatus, this is
not a gréat problem, ~The study of a single tree, or of
a clump like that discussed in chapter 8, over a
considerable period, might give valuable information of

the relation of current with potential gradient.
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