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INTRODUCTION

Certain menifestations of atmospheric electricity such
as lightning, the aurora, and St. Elmo’s fire have long
besen known, although not until recently understood. Much
later it was discovered that everywhere and at all times
thers exists a vermanent electrical potential difference
between the earth and the upper atmosphere. This has led

to the division of the subject of atmospheric‘electricity

call Normal Phenomena--fair weather phenocmeng--and that
ghich deals wiih those phenomsna asscciated with thunder-
storms which we call Thunderstorm Phenomena. In this work
we shall consider in detsil only the former class. Under
this class we deal with the focllowing quantities:

1., The Potential Gradient '

2. The Space Charge

3. The Conduectivity of the Air

4., The Air-Earth Current
Of this group we deal directly with only the first and
second., However, most of these atmospheric slectric ele-
ments are so interrelated that we actually will make use
of gll of them.

The proof of the existence of the fair weather phenomensa

mgy be gttributed te Le Monnier, who in July 1752 proved
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that a tall insulated metallic conductor becomes eleciri-
fied even when the sky is absolutely clear.

FPranklin's kite experiment in 17352 nay also be men-

storm Phenomena. Other important discoveries were:

1, The ipauguration in 1757 by Bsccaria of systematic
and long continued observations of atmespheric
electricity.

2. The invention by Lord Kelvin of the qQuadrani elec-
trometer in 1855, and the water dropper about the
same time,

3., The discovery by Linss 1887 that even the mos?y
perfectly insulested conductors lose their charges
when exposed to the air, in a manner that shows
the atmosphere itself to be a conductor of elec-
tricity.

4, The discovery in 1900 by C. T. R. Wilson, and
also by H. Geitel, of spontaneous ionization in
the atmosphere.

5. The discovery in 1902 independently by Rutherfoxd,
Cooke, and McLennon and Burton of a penetrating
radiation in the lower atmosphere, presumably from
radioactive substances near the surface of the

earth,
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6. The discovery in 1905 by Langevin of slow-moving,
or large ions, in the atmosphere.

7. The discovery by Simpson in 1908 and 1909 that the
electric charge on thunderstorm rain, and precip-
itation generally, is prevailingly positive.

8. The discovery in 1913 by Kolhorster that an extreme-
ly hard or penetrating radiation existslin the

atmosvhere that comes from the outside.

The potential difference between the earth and the

TRV

upper atmesphere is of the coxder of 1,000,000 volis.

direction of the field shows that the earth carries a neg-
ative charge, and the air a positive one. The negative
charge density over the surface of the earth is orf the
order of 2.7 X 10-4 B, S. U, per cm.z-——cver the entire

surface of the earth this smounts to about 500,000 coulombs.
POTENTIAL GRADIEWT

The potential gradient--i.e., the change in potential

~— ~

~ -+ ~
SulivsS O4

ST &s W& &0 up in the air--a
to about 100 volts per meter, and decreases rapidly with
altitude. At 10 km, (about 5 miles) it is practiceally

Z28r0=-

T
Humphreys, Physics of the Air
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forcing us to the conclusion that in the first 10 km. of
the atmosphere is contained a positive charge just equal
to the negative charge on the earth., Thus, if we let
X= downward electric force=4Wwd
whers
0~ = negative surface charge on the earth
¢; = charge on column of air up %o height (h),
then the potential gradient at the surface is given by
X = 4Wg
and that for any height {h) above the ground by

X = 4md -7},

Now at 10 km,

= o
and hence
X =0,

The potential gradient at the earth's surface, espe-
cially over land areas, is continually varying. This is

due largely to local meteorological conditions, and, in
the case of cities, %c gir peollutiocon, ete. While
are also well-marked ennual and diurnal variations, it
generally happens that over land areas the local effects
either partially or completely hide the more general char-
acter of the varistions., The potential gradient is also

affected by the topography of the land. The presence of
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trees, buildings, etc., alter the true value of the gradient

by disturbing the equipotential surfaces,
CONDUCTION CURRENT

The conducting power of the air is due to the pre-
sence of free positive and negative ions which move under
the action of the electric field. Their movement consti-
tutes a conduction current, which, due to the direction of
the field, is known as the air-sarith current. The average

value of this conduction current i
2

n

of the orxder of

-16 .
2 X 10 amp, per cm.“, and is practically constant. Over
the surface of the sarth this amounts to a continucus cur-
rent of 1,000 amperes tending to destroy the negative
charge on the earth. 1In visew of this, the origin and mein-
tenance of the earth's charge constitute a serious problem
in atmospheric electricity. Some of the theories formu-

lated to gccount for this will be mentioned later on.
CONDUCTIVITY OF THZ ATNMCSFHERE

The conductivity of the atmosphere depends on three
qQuantitvies, the number of ions (n), the charge on the ions
(e), and the mobility of the ions (k). Thus in general
the conductivity (A) is given by the following expression:

A:k e n.
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The more sxact expression for the conductivity tekes into
consideratiorn the fact that there are in genersl three
classes of ions. Classification is mede according to mo-
bilities. The mobility of an ion is defined as the veloc-
ity which i% experiences in & unit field. Here we consider
the mobility to meen the velocity in centimeters per

second in g field of one volt per centimeter. Thus there

1. "Normsl"™, "Small", or "Fast®" ions formed by ejec-
tion of an electron from & gas molecule. hiobility
1.5 {em, per sec. in & field of one volt per cm.).

2. "Largs" or "Langevin® ions--probably ere smell
ions attached to condensation nuclei. Lobility
.0005 to .0003. About one-third of this type are
electrically neutrsl.

3. "Intermediate™ ions--cccurring in times of low
humidity. Mobility .1 to .01.2

The exact expression for the total conductivity is:
A= A, + A
where A,and A_are called
the polar conductivities, viz.,
As= (kgn, + K. N,) e

A.=(kn. + EN_) e

2 . - - . .
Hess, The Electrical Conductivity of the Air and
Its Causes.,
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The capital letters refer to the large ions and the lower
case letters to the small ions., In clear egir over land

and over the ccean most of the conductivity is due to the

ue ® r pollution;

Lo

- .
cities 1

A
Sy G

o
b3
s}
m

small ions, whil esx
a greater part of the conductivity is due to the larger
ions, The usual value obtained for the ceonductivity is
about 3 X 107% E,S.U. This value, when compared with tie
conductivity of copper {about 5 X 1018 E, S, U.)}, is al~-
most inconceivably small--g column of air one inch long
offers as much resistance to the passage of the electric
currsnt as & copper cable 30 X 1015 miles long, and of the
seme grosSs section, Neverthsless it is large snough %o
insure that in ten minutes 90% of the charge on the earth
would be dissipated. It is evident from what follows

that this is so.

The current (i) is given by the expression

] — Jr
1= - = =
where
U= 2% = surface charge

Putting in the value of ¢ we see that
Q:«HWL&'&
X .

Whence

Now if we put
A =3%X 104 &, S.U.

= 10 min, = 600 sec,
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we see that

X=nX

It is thus quite evident that there must be some other

v

- 4
o Yendiin tc

*

charge due to conduction. A few of the theories formula-
ted to account for this will now be mentioned quite briefly.

1. Soil Resplration--Bbert has atvempted to account

for the negative charge on the earth, and a positive
charge in air by his respiration theory. This
theory states that duxring periods of low pressum

or dus to the suction of winds or %o the action of
sunligh% positivsly-charged air from radiocactive
materials in the soil will be drawn out leaving
negative ions which are more readily ebsorbed in

s0il capillaries.

2. Precipitation Theory--C. T. R. Wilson introduced

a theory in which he assumed that rain drops

carry down enough charge to maintain the earth's
charge. Hé assumed that most rain carries a nega-
tive charge. However, all observers seem to find
& preponderance of positive charge on rain with
the ratio of positive to negative being about

2.4 to 1.

3, Lightning Flashes--Over the whole surface of the

earth there are on the average about 100 flashes
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of lightning per second. As the gradient during a
thunderstorm is generally negative this constitutes
a continuocus addition of negative charge to the
earth..

4, Point Discharges--C. T, R. Wilson pointed out that

brush discharges from trees, houses, bushes, and
even blades of grass during thunderstorms, when the
fields are strong, and usually negative, would ac=-

count for a large part of the negative charge on

5. Many other theories involving extremely penetrating

radiations have glso been set forth.

In the way of a summery of the abcve theories, and
their relatives effects, observations taken over a pericd of
Years by Wormell st Cambridge are quite interesting.
?!ormell3 gives an estimate of the annual "electrical bal-

ance sheet" of a square kilometer of ground.

Coulombs/sq,km./year
By point discharge gained -100
By lightning gained ~20
By atmospheric conduction lost -60
By precipitetion lost -20
Net gain of negative charge on earth -40

SWormell, Proc. Roy. Soc. 4, 115, p. 443 (1927)
Proc. Roy. Soc. A, 127-128, p. 567 (1930)
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It thus seems possible that a combination of all of these
factors perhaps may account for the maintenance of the

earth's negative charge.
SPACE CHARGE

Space charge is defined as the net quantity of elecw
tricity { sum of positive and negetive ions) per unit vol-
ume. It is generally a positive quantity, and amounts on
the average to from .02 to .04 E.S.U./cubic meter., Many
factors affect both 1ts sign, and its megnitude. For ex-
ample, during very humid weather just before g stofm i
often has a negastive value. The presance in the air of
smoke, dust, rain, snow, etc., affects the space charge

markedly.

PRESENT PROBLEM

The present pilece of research has as its aim, A

Measurement of the Diurnel Variation of the Potential

~

Gradient, gnd the Space Charge, with a Correlation

Between These Elements and the Meteorological Elements.

The weather elements %o be considered are the tem~
perature, the relative humidity, the barometric pressure,
and the wind velocity‘and direction. The pollution of the

alr by smoke ete. will also be considered.
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Of course the most ideal location for atmospheric
alectricity measurements is a broed, flet Tield free from

trees, buildings, etc., and completely removed from the

the present location is unfortunate--measurements being
taken‘atop the Physics Building which is surrounded on
three sides by other buildings and on the north by a
heavily woocded area (see Fig. l). In addition to this it
is located con top of g hill, and in general in the path of
the prevailing southwest winds wnich have already blown
over the industrial ssections of the city. It is true,
ngvertheless, thaet the messurements tsken do at least
represent in a qualitative, if not quantitative, way the
variations in the potential grsdient. It was found pos~
sible also to make several measurements in the way of
determining a reduction factor., This work was done on the
University Parking Lot some 0.3 of a mile to the east of
the Physices Building. The location was not ideal by any
means but was the only possible place that could be found
within a radius of some two or three miles of ths Fhysics
Building. Our measurements were in themselves interesting
but it is doubtful if their application as a reduction
factor to the other measurements would have much significance.
The method of determining the reduction factor will be

discussed in detail later.
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The general basis of all potential gradient measure-
ments is the determination of the potentiel difference

betwsen the ground and an insulated conductor a known

.
WO known points i

25
L]

ai
a known distance apart. The chief difficulty in such
measurements is the problem of securing geood insulation.

Megsurements of the space charge involve merely the
determination of the total charge in a known volume of air.
The chief difficulty here, in addition to one of insulastion,
is to obtain an instrument sensitive enough to make the

messurcmenis.
EXPERIMENTAL SET-UFP FOR PRESENT PROBLIEM

Part of the spparatus was located on the roof of the
Physics Building, and the remaining portion of it in a room
immediately under the roof on the fifth floor of the buiid~
ing. As & matter of convenience, all of the apparatus on

the roof will be described first.
POTENTIAL GRADIENT MEASURENINTS

The insulated conductor was an serial made of No. 18
bare copper wire 24 m. long. The aerial was held 10 m.
above the roof by two wooden posts. The wire was supported

at each end by a sulphur insulastor (see Fig. 2). The
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insulator consisted of a brass tube BT 10 cm. long and
3.5 ¢m, in diameter, with a brass rod BR embedded in sul-

hur S. PS was & protecting sleeve of metal which could

k3

¥y Yy oy =}

~Aoea AP
RE VURBT wa

o

e al4d
e Sii

£
(»)
[
3

the sulphur from the weather, and had the advantage that it
could be slid back when it was necessary to clean the sul-
phur surface. Ths aerial was connected to the small hole
in the end of the rod BR. To the loop at the other end of
the insulator was fastened a rope which ran througn a pul-
ley at the top of the supporting postis--thus making it
vossible to raise and lower the whole assembly. Two small

=

um colliectors were attached to the midpoint of the

Juod
jode

on
aerial, thus enabling it, through their ionizing action, to
be brought to the potential of the surrounding lsyer of

air in approximately 30 seconds. The lead-in ran from the
eerial to a point about 6 m. from one of the supporting
posts where it was connected to one end of an insulated
conductor leading through the walls of a small cupols on
top of the roof (see Fig. 3). The other end of this con-
ductor was directly above the ceiling of the research room.
The lead-in (see Fig. 4) consisted of a brass tube BT about
36 cm. long and 2.5 cm. in diameter, embedded in the wall W.
BR was a brass rod threaded on each end to accommodate a

knurled nut, and completely insulated from the brass tube
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by sulphur plugs S. PS was a metal can which siipped over

the rod, and proitected the sulphur insulator where it was
exposed to the weather on the outside of the wall. From

tihils rod the lead-in continusd to the torsion-

o]
¢
(7]

the en

head of the electrometer.
SPACE CHARGE APPARATUS

The air intake for the space charge megsurements con-

sisted of several sections of 4 inch stoveplips projecting
3).

some 5 feet above the level of thae roof {(see Fig. This
intake led through the roof to the bottom of the Faraday
pail (cbllecting system} inside. For part of the work,

the end of the ajir intake was surrounded with a grounded

re cgge. This wes done to see whet effect, if any, was

WEATHER INSTRUMENTS

Also on the roof was located a standard instrument
h

4 a hygrometer {see
Fig, 5). These instruments furnished a continuous daily

record of the temperature, and the relative humidity.
APPARATUS INSIDE OF THE BUILDING

The experimental work was conducted in a photograph-

ically dark room 7.8 ft. by 9.5 £t., and 7.2 £%. high
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located on the fifth floor of the Physics Building.
POTENTIAL GRADIENT MEASURBEMENTS

Potential gradisnt measurements were made with a
Dolzalek quadrant slectrometer of fairly low sensitivity
(3 volts/mm. at a scale distance of 59 cm.). The instru-
was maénetically damped, The instrument, so damped, opera=-
ted to give a much steadier deflection. The electrometer
was connected heterostetically (see Fig. 6). One guadrant
of the electrometer EP was connected through a grid-leak GL
to a 6 volt battery B, the n&ative side of which was ground-
ed. The other quadrant was grounded, It was possible, by
means of a knife switch KS (all parts of which were embed-
ded in sulphur)}, to connect the needle of the electrometer
to the calibrating batteries CB, to the aerial A, or to
the ground through the grounding switch GS. (The purpose
of the grid-leak was to prevent the burning ocut of the
batteries or the electrcocmeter suspension in case the needle
accidently touched one of the quadrants)j. A%t the begin-
ning of each run, and occasionally, at the end, a cali-
bration was made. During operation the electrometer was, of
course, connected to the aerial. Measuremenis were made
automatically, and were photographically recorded. Bromide
Paper © inches wide was fastened to the drum of a chrono-

graph, the period of which was 24 hours. 4 Tlat vane on
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the axle of the drum was made to throw off a switch, turn-
ing out the lamp at the end of each record, thus prevenbting

superposition of two successive records,
SrACE CHARGE MEASUREMENTS

Space charge measurements were made after the manner
suggested, and used by Obclensky4 and employed lster by
Dwights. A Dolzalek electrometer of very high sensitivity
{800mm. per wvolt at 62 cm. scale distance) was empioyed.
The electrometer was connected heterostatically as shown
(see Fig. 7). The needle of the electrometer Eq was con-
nected through a grid-leak GL to a battery B of zbout 180
volts. One quadrant was grounded, and the other was con-
nected %o the Faraday pail (see Fig. 8), which consisted of
a brass cylinder BT, 24 cm. long, and 10 cm. in diameter.
The top of the peil was poured full of sulphur S, and was
threaded on to the cylinder as shown at TJ. Inside of the
pail was another hollow cylinder T which could be slid
over a brass ring embedded in the sulphur and thus held in
the position shown. This c¢ylinder was tightly packed with
steel wool, and was connected to the electrométer as shown.

The electrometer connection could be unscrewed, allowing

40bolensky, Ann. d. Phys., 4°B ser., v. (77), p. 644
(1923},

SDwight, "Thesis" ( Atmospheric Electricity ), Uni-
versity of Cincinnati Library (1931).
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the inner cylinder to be removed for the purpose cf clean-
the sulphur S. One snd of the pail was connected to the
air vent, and the other, by means of a rubber tube, to the
aspirator. A gasmeter measured the volume of air aspirsted.
The clock in the main circuit controlled the length of time
that air was drawn into the pail. The electrometer could
also be connected (see Fig, ?},_by meens of the knife
switch KS, to the calibrating battery CB, or, by means of
the switch ¥S, %o the ground.. Recordings were made in the

Same msnner &s thoss of the poventisl gradlenv--both rTe-

L]

cords, in fact, being made on the same strip of bromids
raper. Edght from two smail leamps was focused, by means of
small concave mirrors attached to the electrometer nsedlss,
on to the photographic paper. (To eliminate the presence
of stray electric fields, all of the batteries were housed
in boxes covered with grounded screen wire).

The theory for the'space charge measurements is as
follows: If vy be the volume of air drawn through the pail

in the time %, and & be the deflection of the electrometer

of sensitivity s, the charge is given by the expression

¢ X d
3

q =

where ¢ is the capacitance of the whole system, including
the electrometer, Faraday pail, and connections. The space

charge will then be given by
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4 _ ¢ d

Q= Vi _EX-‘-T-J‘;.' . e
In practice the following values were, £Q

¢ = 148.8 cm, R :ul

85 = S@C‘mm. per volﬁ

v =40 cubic feet

t —4 min, 42 sec,
and remembering that

1 E.S.U., = 300 volts

i1 cu., m., = 35.3 cu. T,
The average value found for d will be used hers o show s
sample calculation.

d =< 30.2 mm,
Putting in the equation above these values the average
velue for Q is found to be ,0165 E.S,.U./cubic meter.

It was desired in the present set-up to obtain simul-
taneous, continuous, and automatic recordings of the po-
tential gradient, and the space charge. This has been done
to the following extent:

1. Records were masde gutomatically on strip:

bromide paper.

2. Records were taken continuously except for days

having a rainy or stormy character, and except for
Sundayse.

3. By means of a system of magnetic relays, mercury
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switches, and an elsctric clock, it was found pos-
sible Yo take potential gradient readings for 55
minputes, and space charge readings for 5 minutes

of svery hour.
DESCRIPTION OF QOPERATION OF APPARATUS

The system operated as follows:

In normel operation the lamp for %the potential grad-
ient recording is turned on, and the aerial is connected to
the needle of the electrometer. At approximately 28 min-
utes past each hour an electric clock operates a system of
relays, and switches which do the following things:

1. Turns off the lamp for the potential gradient

recordings.

2. Grounds the needle of the potential gradient

electrometer,

3. Turns on the lamp for the space charge recording.

4., Removes the ground connection from the Faraday

pail.

5. Turns on the electric motor operating the aspi-

rator.

At approximately 28 minutes before each hour the lamp
for the potential gradient recording is again turned on,

and the ground is removed from the from the p. g. electro-
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meter needle--the other lamp is shut off and the space
charge apparatus is grounded., This set of operations is re-
peated each hour until st the end of the 24°B hour the chro-
nograph drum throws off a switch bresking the entire cir-
cuit.
The complete wiring diegram is shown in (Fig. 9). The
most imporvant part of the cirecuit is an electric clock
equipped with a mercury cup at the bottom of the dial'
through which the long hour hand of the clock Dasses once
c¢ach revolution, and, in passing, completes the circuit for
the magnetic relay MRl. This relay operates four mercury
switches, viz,.:
1. Switch operating lsmp for the space charge elec~
trometer, v

2. Switch operating magnetic relay MRy, which in turn
operates to remove the ground connection from the
Faraday pail,

3., Switch operating magnetic relay MRs which turns

off lamp for the p.g. electrometer, and at the
same %time grounds this instrument.

4, Switch operating magnetic relay iR, which in turn

operates the mercury switch which operates the
blower motor for the aspirator.

The two knife switches operated by the chronograph shu’b
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off the potential gradient lamp,and break the main relay
cirouit at the end of every 24-hour period. The short-
circuiting switches SC are placed in the circuits in order
that any part of the set-up may be operated by itself
whenever it is so desired--generally during calibration.
For a picture of the apparatus, see Fig. 10.

The most difficuls problem in this work, i.s., after
the epparatus had been constructed, assembled and put in
working.crder, was the problem of insulation. As has been
previously mentioned, sulphur insulation was used through-
out~~sulphur when kept clean and dry being one of the best
insulators known, I% was thus neces
clean each sulphur insulator with sandpaper, This was =
very laborious process for there were eight such surfaces
%o be cleaned every day. Because of the fact that the
sulphur insulation was apt to break down during damp
weather, records teken at such times were necessarily dis-
carded,

Records were made as continuously as was found pos=-
sible, from the middle of April until the middle of Dec-
ember 1937, except during the month of September when no
records were kept. Observations were not made on Sundays.
As was mentioned before, simultaneous measurements of the
meteorological elements were taken, consisting of daily

records of the temperature, barometric pressure, snd
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relative humidity. Wind, i.e., the wind directions and
velocities, were obtained from the records of the Abbe
Observatory which is located at approximately the same
elevation, and just & mile and a half to the north. 1In

addition to these elements, the character of the day was

always noted and recorded.

Two Typical records of the electrical elements ars

shown (see Fig. 11). The record represented by heavy
linss broken atv regular intervals of one hour is the po-
tential gradient record. The short lines extending oross-
wise of the record at hourly irntervals are recorés of the
space charge. Ths mesximum displgcements of these lines
were, by comparison with the calibration marks, seen at

the top of the records, translated into actusl values.
RESULTS

Records were obtained for 87 days during the period
April 1937 to December 1937. Records taken on deys during
which there was more than a trace of precipitation were
thrown out, and not counted. The records obtained includs
approximately 2,000 separate readings on the space charge,
and e similar number for the potential gradient, for only

hourly values were read from the continuous record of this

element,
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Since in the present work the purpose is primerily a
correlation between the various elements the Tollowing
procedure will be followed: In view of the itopography of
the region, and the necessarily unfortunate location of the

ith regsrd ¢ %h

agourave quantitative mocas-

(4

urements of the potential gradient (this point has already
been mentioned on page 12) it seems advisable for the pre=
sent, at least, to consider the results as merely qualita-
tive. Hence all graphs for this element will be plotted,
for the purpose of cenvenience, in arbitrary units. Later
on the procedure for the determination of =a raduotioaAfact-
or will be described. ¥ This leater time the advisability
2ying the factor so obtained to the whole series of
observations will be discussed.

For the purpose of convenience in plotting graphs,
etec., the values for the space charge will also be con-
sidered in arbitrary units. (In both cases these arbi-
trary values are really the actual displacements in cm.
as taken from the daily records). It is to be understood,
however, that in this latter cese definite values can be
assigned for the space charge.

A very comprehensive set of graphs has been plotted
with all five of the elements, viz., potential gradient,
space charge, temperature, relative humidity, and wind

velocity being shown on one graph. The following graphs
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were plotted:
1. Graph on which all of the records were averaged.
2. Graph on which only the observations for the most
complete days were used.
3. Graph of a typical day for each month.

Graphs for three different periods of consecutive

i
]

days.

5. Graph showing the annual variation of the elements.,
In addition tc these, as a preliminary analysis, = greph
showing the variations of all of the elements for each in-
dividual day was prepared. This work has not been includ-
ed in the present report since it occupies scme 20 feet of
graph paper, and since it is posSible to draw more accurate
conclusions from a number of records averaged together than
from just a single day's record. A more complete descrip-

tion of the grephs will be given later.
GENERAL DISCUSSION OF RESULTS
SPACE CHARGE

In genersl, a. maximum occurred in connection with a
maximunm of temperature, and wind velccity, and a minimum of
relative humidity and potential gradient. There were 56
days on which a definite maximum occurred between the 15tk

and 17%th hours,.
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A minimum in space charge occurred in connection with
a minimum in temperature, and wind velocity, and s meximum

of relative humidity. On 48 days a definite minimum in

Th hour. The major-

the space charge occurred around the 5
ity of the other days, during which observaticas were taken,
and not included in the asbove classes, had no definite max-
ima or minima~-a very few had them occurring at different

times. It is believed, though that the type of day describ-

€d above is characteristic of a typical day.

Of the 51 days with fairly complete records, 33 show
& definite maximum betwesen the Vth and gth hours., Seven
days have a maximum at about midnight, 5 of these occurring
in connection with & northeast wind., Nine days have a max-
imum at about the 18%2 or 19%" nour. These seem to oceur
when there is no marked variation in temperature or rela-
tive humidity.

Mipima in the potential gradient seem to occur in

mid-afternoon,
DISCUSSION OF THE GRAPHS

Graph 1. (Average of all records for 1937) (See Fig. 12)
The meximum value of the space charge occurs at 15 h.

30 m.,, that of the temperature at 15 h,, and that of the
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wind velocity at 14 h. The minimum value of the space
charge occurs at 4 h. 30 m., that of the temperature at 5 h.,
and that of the wind velocity between 3 h, and 5 h, It
seems then that there is a close correlation emong these
three elements. Ebert's Soil Respiration theory, where-by
more positive ions are sucked out of the ground by the
action of winds, sunlight (period of highest temperature),
and during periods of low baromstric pressure, would prob-
ably account for it, The diurnal variation of ths baro-
metric pressure is such that a maximum occurs at 10 h, and
22 h., and a minimum at 4 h, and 16 h, A possible expla-
nation of the occurrence of a high Space chargs during the
time of low relative humidity is that during such times
there is a smaller pumber of slow negative ions and conse-
quently a relatively greater number of positive ions. In
the morning a minimum space charge occurs with a maxirum
relative humidity because water particles, and perhaps
smoke particles, act as nuciei more readily for negative
than for positive ions (greater mobility). This reasoning
assumes in general that space charge is due to the large

or Langevin ions. This is %rue because in polluted air the
number of large ions greatly out number the small ions.

The large ions also are quite frequently multiply-charged--
a number 6f small ions being grouped in clusters about a

ccndensation nucleus,
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The variation of the potential gradient, which has a
meximum occurring at the Bth bour, and a minimum during the
afternoon, can be explained quite readily on the basis of
the vaxrious factors affecting the conductivity of the air,.
Let us remember that in general the conductivity A is
given by the expression
Azkne

and also that the air-earth current (i) is very approxi-

i=XA

Hence to account for a maximum gresdient we need merely
show that s minimum conductivity exists, An increase in
relative humidity means an increase in the number of slow
or Langevin ions, formed by the union of small ions with
condensation nuclei. This increase in ions of low mobility
means a low conductivity and hence a large value foxr the
potential gradient. Less important, but nevertheless fac-
tors in the right directicn, are the minima of the temper-
ature, and the wind velocity, and their consequent reduction
in the ionic mobilities,

We have shown that a variation in the conductiviity
will satisfactorily account for the observed varistion in
the potential gradient. It is noﬁ necessary to account for
the change in the conductivity of the air throughout the

day. This can be done on the basis of the variation in the
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amount of atmospheric pollution, i.e., smoke, dust, etc.
Whipples, working at the Kew Observatory, has shown that
by considering the two factors, (1) the times of the
maximum production of smoke, and (2) the variation through-
out the day of the stability of the air, that a satisfac-
tory explanation for the total amount of pollution, and the
way in which it aflfects the potentiel gradient, can be
given. The variation in the amount and time of smoke pol-
lution, ete.,, here is essentiaily the same as in the case
cited above. It is bslieved therefore %that the assumption
made by Whipple will apply equally well to the present

cese Whipple shows, (see Fig. 13} that & maximum in the
amount of pollution exists about the Sth houx in the morn-
ing due to the increased amocunt of smoke production, and to
the fairly stable condition {(little wind, and generally
stagnant condition of the air) of the atmosphere at this
time. Later in the day although the production of smoke
continues, the stability of the air is much lower--the
effect of the wind and the convection currents being to
disperse the smoke particles. Consequently, the total
amount of pollution decreases. This then would satisfact-
orily account for the early morning minimum in the potential

gradient, followed by s maximum around the 8%h hour, and

Swnipple, Q.J.R. Met. Soc. 55, p. 351-360, (1929).
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then a subsequent decrease during the afternoon. Whipple
found that another meximum, i.e., & secondary maximum, in
the potential gradient occurs ebout the 18%R nour that

could be accounted for by assuming sn ingresse in the

stability of the atmosphere towards evening while the rate
of production of smoke is still fairly high. In the pre-
sent cbservations such a maximum was found on gquite a
number of the daily records, and is evident on most of the
graphs represeniing typical days for each month~-the maxi-
occurring, however, several hours latver. ¥When all of the
results are averaged and plotted the existencs of this
secondary meximum is not evident--the graph showing in
general only a single daily meximum, It is quite possible
to account for this on the basis that local conditions hide
the more general variations of the potential gradient. For
eXample, the nonexisisence of a second maximum around %he
18" or the 20%® hour can probably be explained on the
following basis: As & general rule the stability of the
atmosphere increases after sundown. “his is due to the
absence of convection currents, etec. Now in the present
case where the observations were taken on top of tlhe Physics
Building it is quite reasonable to suppose that radiations
from the building exist long after dark, thus preventing a
stagnaticn of the air, with, as we have seen, a consequent

increase in the potential gradient., 4Another and possibly
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important factor, is that during the summer months the
blowers of the ventilating system of the Physics Building
are operated only at night between the hours of 10 p.m.
and 6 a.m. This would be equivalent, pert of the time at
least, to a building radiation, since these ventilstors
open directiy on to the roof.

Graph--(Average of the Most Compete Records) {See Fig, 14)

This graph represents the average results for a group

£

cf selected days. The usual meaning attached to a selected
day is one on which no negative grsdient occurs, Here,
however, owing to the fact that sc few days were found with
a negative gradient, we meen instead, those days during
which the weather conditions were up %o a certain standard--~
i.e., days on which not more than a trace of precipitation
was recorded. In this graph all of the elements have the
same general characteristics, and bear the same relation %o
each other, as in the first graph. The results herein de-
picted probably are the more accurate because they repre-~

sent the average of a large number of records taken under

the most ideal conditions of weather, etc.

Graph-~(Typical Day for Zach kionth) (See Figs. 15 to 22)
The following graphs are plots of all of the elements
for eight typical deys--one day being selected from each

month of observation. The day selected was, in generel,
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one of a series of successive fair deys, i.e., from a
meteoroiogical standpoint. Single days were selected in
the belief that by direct comparison of all of the various
elements at any one time it would be possible to obtain
some definite sort of correlation among these elements,

i, o., for example, it might be possible to see just how
the potential gradient is affected by changes in the.
space charge, temperature, relative humidity, wind velo-

¢ity and direction, air pollution, etc.

arrows,
In discussing, and in attempting to explain these
graphs we will mske use of the following procedure. We
assume in the first place that the potential gradient
varies throughout the dey in accordance with a world
wide 24~hour wave, and perhaps in addition with a small-
er l2-hour wave. Further, we assume that local conditions
can and do account to a great extent for many modifications
and irregularities which exist. In the present work we
try %0 explain the diurnal variation of the potential
gradient and of the space charge on the basis of all of

the factors which might affect them.
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The possible effect of air pollution has been considé-
n the following way. A chart has besn prepared

i
(see Fig. 23) showing the location of the dirtiest parts
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vations were taken. Accordingly we should expect that a
wind blowing from .the southwest quarter (the prevailing
direction here] would contein a great deal more smoke,
dust, etc., than a wind from the north.

The effect of an increase in wind velce

'nh

Ty is to in=
crease the general turbulent condition of the atmosphers

with, as we have shown {(see Fig. 13), a general reduction

due to

£

Lt Y

in the magnitude of the potential gradient, and ({
soil respiration) a general increase in the space charge.
If we refer now to the graph (a typical day for April,
Fig. 15) we see that: (1) the potential gradient has a
meximum value at the gl hour, and a secondary meximum at
the g2nd hour; with a minimum occurring between the 12th
and the 19%h hours; (2) the space charge has a maximum a?%

the 14,500

hour, and secondary minime at 11.5, 1.5, and
18.5; with a mirimum value at the 22.5%8 hour, and a
. Secondary minimum at the 3.58 hour.
The morning meximum in the gradient occurs simul-
taneously with a shift in the wind from the northeast to
the south. Reference to Fig. 23 shows that such a wind

shift could guite feasibly account for an increase in the
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gradient. During the middle of the day the gradient is low
(see Fig. 13) in spite of the fact that the wind contime s

Trom the south and west quarters. The gradusl increase in

the gradient to a secondary maximum at the 222¢ hour ogen
simultaneously with a wind shift from the northwest to the
northeast (a direction for which we would expect the gradient
o be higher). In general the space charge curve seems to
follow that of the wind velocity and the temperature so
that variations in this element may possibly be ascribed to
seil respirstion.

Such a discussion could be carried out for sach of
these eight monthly graphs--however, since such discussions
would for the most part be almost identical, this will not

be done, but instead a summery of each record will be given.

April (see Fig. 15)
Elements Time of occurrence of max., and min,
ax, Sec. Max. Min. Sec. Min,
Potential Grad. 8 22 12-19 csenae
Space Charge 14¢5 11¢5,145,18.5 22.0 3¢5
May  (see Fig., 18)

Potential Grad. 6 9,23,17,1 3 21,13
Space Chargs 18.5 cocsce 4,5 sececs
June (see Fig.l7)

Potential Grad. 8 4,23,17 13,19.6 3
Space Charge 13.5-16.5 coce 5] cssose
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Elemsnts Time of ocourrsnce of max. and min,

Max. Sec. Max kin, Seo, hin.

July (see Fig. 18)
Potential Grad, 6 2 23-24 12-14,3
Space Charge 11.5 14.5,17.5 1.5,3.9 6.5,8.5

August (see Fig. 19)
Potential Grad. 6 20-21,23,12,16 1 9-10,13,17,22

Space Charge 14.5 3.5 2.5,1.5 coctzse
Qctoher {see Fig, 20)

Potential Grad. 7 3,21 24  13-14,22-23,4-5

Space Charge 18.5-17.5 21.5 20.5 15.5

Novembexr {see Fig. 21)
Potentisl Grad, 7 g,21-22 | 24 16-19
Space Charge 12.5 17.5,6.5,22.5 C.5 21.5

December (see Fig., 22)
Potential Grad. 7 23 3 18-19,24-1

Space Charge esce 2000 evrew eecee

Close inspection of the sbove summary will reveal the
fact that in general the resulis are fasirly consistent-~the
times for the various maxima and minims differing only

slightly throughout.

in addition to the graphs so far discussed four other
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graphs were plotted.
Graph (see Fig. 24) representing the
-results for the period May 14-28, 1937,
Graph (see Fig. 25) representing the
results for the period July 22-24, 1937,
Graph (see Fig. 26) representing the
results for the period August 17-25, 1937,
Graph (see Fig, 27) representing the

tion of the elemensks,

In the way of & summary of all of the

Page 36

average ©of the

average of the

annual varia-~-

graphs and

especially of those representing a large number of observa-

tions, the following facts arse recordsd.

SUNKARY
Elements Time of Max,
Potential Gfadient 8 h,
Space Charge 15 h. 30 m.
Temperature i5 h,
Relative Humidity 6 h.
Wind Veloeity 14 h,

Time of Min.

12 h. to 16 h.

4 h, 30 m,

5 h.

15 h.

3 he to 5 h,
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In sddition to the 8 o'clock maximum of the potential
gradient a secondary maximum of very much smaller amplitude
sometimes occurs around the zsrd hour. In genersl however,

e daily maximum seems to be the most characteristic.

The above results for the potential gradient agree
quite well with the results found elsewhere by other
observers., For exampls, Swann7 has found maxima at ths Bth

and 215% hours, with a minimum at the 4%h and 14%2 nours

for the summer months, and for the winter months a meximum

The times found for the occurrence of the meximum and
the minimum of the space charge do not agree very well
with those found by other observers elsewhere. However,
this element is known to vary greatly with different local-
ities, and with local conditions. For part of the work, as
illustrated in Fig. 3b, the air intake for the space charge
measurements was surrounded with a grounded wire cagse.
This was done for the purpose of eliminating the presence,

and possible effect of the earth's field. For this set-up
"Swann, J. Franklin Insti., Vol. 188, Nov. 1919

sDwight, ®Thesis" (Atmospheric Electriecity), Uni-

versity of Cincinnati Library (1931).
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the ions drawn into the Farasday pail were those which
drifted into the wire cage. The results obtained here
seemed to show that when the action of the earth's field
was removed the megnitude, énd the varietion from the
mean value of the space charge were reduced slightly. A
number of observations were alsc taken with a drying agent
inserted atv The bottom of the Faraday pail. The resulis
(slightly higher space charge) emphasize the probable
correciness of the relation between the space charge and
the relative humidity as found in the present observatiocas,
and illustrated quite well in Fig., 14,

In consideration of the gbove facts, ané slsc of ihe
fect that the space charge electrometer and system was
found to be practically leak free, it is felt that the re-
sults obtained here for the space charge do accurately

represent the existing conditions.

DATA
Data for just one of the graphs (see Fig. 1l2) are
given below
for the even hour, and the space charge for the intervening
hglf hours. The potential gradient is given in arbitrary
units, each of which equals approximately 30 volts (see
page 44)}. The space charge is also given in arbitrary

units sach one of which equals 0.0055 E.S.U./cubic meter,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Page 39

The temperature is given in degrees Fahrenheit, the rela-
tive humidity in percent, and the wind velocity in miles
per hour,

& short description of each of the figures, pictures,

graphs, etc., follows at the end of this paper.
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DETERMINATION of a REDUCTION FACTOR

The need for the determination of a reduction factor

has previously been cited (see page 12). The University
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to make the measurements. The location of the lot is
approximately 0.3 of a mile east of the Physics Building

on the north side of University Avenue., The lot has g
cinder surface, and is bordered, on three sides by housses,
and on the north side by a deep gully, The dimensions of
the field are approximately 450 rt, by 150 £t. Three points
Py, Pg, Pz (see Fig. 28) were selected Tor meking the

wnal

a

measuremenis. Three positions were chossen %o se
effect if any, the bordering houses and gully had oan the

botential gradient (see Fig. 29).
Method of Measurement

A sensitive gold-leaf electroscope was used (see
Fig. 30} to measure the potential gradient--the deflections
of the leaf being read from some distance away by means of
a telescope, (see Fig. 31). The collecting system consist-
€d of an ionium collector held 1 meter above the ground
by means of an insulated support. A calibretion of the
electroscope was made for each of the three points a¥b
which potential gradient measurements were taken., Ths

heights of the houses bordering the lot were determined
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by means of a ssxtant.
Results

Calibration curves were made for the electiroscope,
and from them the following values were obtained for the

potential gradient at the points Pl’ P2, P

Position Pg =--- 93 volts/meter

Position Py ---56.5 volts/meter

Observations taken at the same time but on top of the

Physiés Building with the permanent epparastus seemed to
indicate a much lower value. The factor in this case gp-

parently was of the order of 2.

Further observations were made on the ssme site for a

whole day, during which readings were taken every 10 min-
utes. The results of this work not only confirmed the
results mentioned above but also that the diurnel varia-
tion was of the same general character as that which had
been found by mesns of the permanent apparatus.

Three peints ¥y, Pg, PS’ were selected o maké Ob=-
servetions for the reason that we wished to determine
whether or not the houses bordering the Parking Lot bhad
any effect on the equipotential lines or layers. Obser-
vations showed that there wes a difference, i.e., the

farther the points of observations were removed from the
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bordering houses the higher was the reading for the
potential gradient. It would seem then that even the
measurements teken here did not represent the true value
cf the potential gradient. Nevertheless it did show that

qualitatively the observations were correct,

Ak ook ok ok ok

The best that we can do then is to say that the ex-
act value of the potentiel gredient cannoct be determinsd
here. All things considered, however, it seems safe to
hat the average value of the gradient would appear
to be somewhat higher than the value of 11l volts/meter
found asbove.

In conclusion we can report that the results seem to
indicate that the variations of the local conditions,
viz., the temperature, wind velocity and directiocn, rela-
tive humidity, barometric pressure, air pollution, setc.,
are the main factors which apparently determine the genersel
characteristies of the diurnal variations of the space
charge and of the potential gradient--the net results
being in general a single daily meximum and minimum for

these elements.
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Description of Drawings, Graphs, and Pictures

FIG. 1

(o)
Q
o

i

Flat of the University campus showing ths 1
:ion of the Physics Bu
other buildings.

FIG., 2
Type of insulator used to support the asrial for tk=
potential gradient measurements., The insulator
consists of & brass tube BT filled with sulphur S
which has embedded in it a brass rod BR to which
the aerial is fastened. 4 metal sleeve FPS which is
free %o slide makes it possible %o clean the sulphur
surface quite easily.
FIG. 3a
~View on top of the roof of the Physies Building,
showing the air intake for the space charge messure-
ments., Just to the right of the intake pipe the
object seen projecting through the wall is the
lead-in for the potentiel gresdient, as is described
in Fig, 4. In the background may be seen the instru-
ment shelter, and the ventilators.
FIG. 3b
Air intaké for the speace charge measurements, sur-

rounded with a grounded wire cage.
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FIG. 4
View showing how the collector wire is insulated as it
is brought from the aerial outside of the building to
the research room on the inside of the building. BT
is a brass tube embedded in the wall of the building
W. The metal rod BR is insulated at each end by a
sulphur insulator S, PS is a protecting slesvs of
metal for the insulator exposed to the weather.

FIG. S
Weather-instrument sheltsr loesned by the Weather Bu-
reau, housing the hygrograph and the thermograph.

FIG. 6
Wiring diegram for the potentisl gradient apparatus.

FIG., 7
Wiring diagram for the space charge apparatus.

FIG, 8
Diagrem of the Faraday pail used as the collecting
system for the space charge. It consists of two
concentric cylinders BT and T, insulated from each
other by means of the sulphur S. The inner cylinder
is packed with steel wool so0 that wher a stream of
air is drawn through the system the wool will re-
move any charge which the air may have, regardless

of the type of ions.
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Q

Complete wiring diasgram for all of the spparatus used,

10a

Inside of the research room showing the two electro-
meters, the chronograph and drum carrying the sensi-~
tized paper, the Faraday pail, the air intake, the
master clock, numerous switches, etc,

10t

Aspirator and gasmeter used in connection with the
space charge measurements.

11

An_example of the type of photographic rscords obiain-
ed, The heavy continous line represents the potential
gradient and the broken lines the space charge.

12

Graph of all of the elements, representing the aver-
age of all of the results obtained over the whole
period of observation.

13

Graph showing the diurnal variation of air pollution,
assumed due to the combined effect of smoke production,
and the stability (absence of convection currents,
ete.) of the air,

14

Graph representing the average of the results for a
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group of meteorologically selected days throughout
the whole period of observetion.
FIG. 15 to 22 (inclusive)
Graphs illustrating the variations for all of the
elements for a typical day for each month. In addi-
tion to a wind rose for the whole month, the hourly
directions for the particular day under consideration
have been indicated by means of small white arrows
drawn along the curve representing the wind velociiy.
FIG., 23
Chart showing the location with respect to the Uni-
are most apt to pollute the atmosphers.
FIG. 24
Graph of the results for the period May 14-28, 1937.
FIG. 25
Graph of the results for the period July 22-24, 1937.
FIG, 26
| Graph of the results for the period August 17-29, 1937,
FIG., 27
Graph of the annual variations of the elements.
FIG. 28
Diagram of the University Parking Lot where experi-
ments were conducted for the determination of a

reduction factor.
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FIG, 2¢
Picture of the Parking LoV, showing the spot at which
observations were made.

FIG, 30

Diggram of the apparatus used for the determination
of a reduction factor. E is a sensitive gold-leaf
818CtroSCOpSe equipred with a scale as showne I is
the ionium collector, supported by means of a
suiphur insulator exactly one meter asbove the elec-
troscops.

FIG., 31
View of the apparatus used for the determinstion of
a reduction factor. Readings, i.e., deflections
the electroscope, were made by means of a periscope

arrangement and a telescope.
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Fig 23

Chart showing regions from which we would expect
winds to carry the most smoke, soot, and dust., (1 is %he

region which produces the most dirt.)

The Physics Building is located at the center

of the circle.
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Fig. 88 Diagram of Parking Lot
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DIAGRAM of APPARATUS

Ior
DETERMINATION of REDUCTION FACTOR -
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Fig. 30
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FIG. 31
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