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ABSTRACT

A system was developed to continuously measure the 

current to the Earth from conduction, precipitation, and 

convection during thunderstorm conditions » The total 

current to an isolated earth-filled collecting plate in the 

plane of the Earth's surface was measured« Displacement 

current was electronically substracted from the total 

current.

The experimental site was located at the USCCS 

Magnetic Observatory about eight miles east of The 

University of Arizona, Tucson, Arizona * A. summary is given 

for measurements that were taken during four different 

periods of thunderstorm conditions «

viii



CHAPTER 1

INTRODUCTION

lol The Problem 

It is well known among workers in the field of 

Atmdspheric Electricity that the Earth and Ionosphere 

represent a charged capacitor system. Too 5 it is recog

nized that this system would discharge in a matter of a few 

minutes (due to the conductivity of the air) if its charge 

were not maintained in some way. Wilson (1920) seems to 

have been the first to suggest that thunderstorms are 

responsible for maintaining the Earth's negative charge.

The known processes responsible for transfer of 

charge to the Earth during thunderstorms are: (1) lightning

discharges, (2) point discharge currents, (3) precipitation

currents, (4) the splashing rain current as discussed by

Adkins (1959)? (5) conduction currents due to the local

conductivity of the air, and (6) convection currents. The 

present work is an endeavor to design a system ^for measure

ment of the last four charge transfer processes.

1.2 Previous Work 

Schonland (T928) measured the sum of the conduction 

and precipitation currents during thunderstorm conditions 

in South Africa. Hi s apparatus consisted of a 0.2 square -



meter portion (current collector) of isolated earth 

connected to a capillary electrometer. The capillary 

electrometer measured the total charge that was collected 

by/the plate in a selected time interval. By shielding the 

collecting plate immediately before and after the measuring 

interval he could measure the bound charge; since the bound 

charge is proportional to the electric field he was able to 

determine the electric field.' Thus knowing the electric 

field at the two end points, he could account for the 

effects of the displacement current. From his measure

ments , he concluded that the conduction current was small 

compared to the precipitation current and gave an average

value of precipitation current of +6.0 x 10 amperes/
+ -2 meter .

Chalmers (1956) made measurements of the sum of 

conduction and precipitation currents when the electric 

field was less than jr. 800 volts/meter. He thereby confined 

his measurements to periods when no space charge due to 

point discharge was present. He used an earth covered 

collecting plate which had a long time constant with respect 

to the period of measurement. Every five minutes (period of 

measurement) the collecting plate was connected to an 

electrometer system which gave an output that was propor

tional to the charge collected during the interval.

Chalmers compensated for the displacement current with an 

agrimeter. He found an overall average positive current



— X 2 2downwards of 3 * 8 x 10 amperes/meter for an average

electric field of -176 volts/meter » By plotting data the

following empirical relationship was found:

ic + j = -a(E-i-C)

where i^ = conduction current 9 j = rain current, E =

electric field, a = 11.8 + 1.1.x 10~15 er and’ —  ■ volts/meter ?
C = -l4o ■_+ 30 volts/meter.

Smith (1955) measured the charge and size of 

individual rain drops, and was able to relate the charge 

on a drop to the space charge present near the ground. He 

concluded that the charge on a drop could be acquired from 

ion capture by the rain drop.

Adkins (1959) reports on studies he made of the 

small ion concentration near the ground during disturbed 

weather conditions. Two areas of his study relate to the 

problem of transferring charge to the"ground. First, . 

during periods of rain, he noticed an increase in the 

concentration of small ions that were opposite in sign to 

the electric field. From laboratory experiments, he was 

able to determine that electric charge is released when 

water droplets are allowed to splash from a test-surface 

in the presence of an electric field: it was concluded that

this effect could account for the increase observed in the 

small ion concentration during rain. Adkins gives the



following formula for the current to the earth due to the 

effects of splashing:

I = 2 o 17 6 ̂  E x 10 ^^amperes/met er^

where R =. the rate of rainfall in millimeters per hour and 

E = the electric field in volts/meter« Secondly^ Adkins 

observed an appreciable space charge with no measurable 

increase in the small ion concentration at a height of 

1 01 meters (the level of the ion counter intake) when 

point discharge occurred from a 10 meter high point source. 

This is consistent with the assumption that small ions 

produced from point discharge become large ions before they 

travel 10 meters.

1.3 Approach to the Problem 

The approach selected was to use an isolated one- 

square meter portion of the Earth f s surface as a current 

collector and continuously measure the total current. The 

electric field was also measured. The derivative of this 

electric field was electronic ally substracted from the 

total current in order to compensate for the displacement 

current o

This approach has two important features. First, 

since the current collector is level with the Earth's 

surface and is held at ground potential, it closely 

approximates the actual Earth's surface as a current



5
collectorc Secondly^ the method of compensating for the 

displacement, current allows continuous recording of the net 

current reaching the collector plate. The net current, 

density to the collector plate should be identical to the 

current density reaching the surrounding terrain.



CHAPTER 2

THEORY

2 cl Introduction 

In this chapter 9 the thundercloud and some of its 

effects will be discussed* First ̂ from a model for a 

typical thundercloud5 the electric field at the ground will 

be calculated * Secondly, an expression for the total 

current reaching the ground will be derived* Finally, some 

of the errors in the experimental approach will be con- 

sideredo

2 * 2 The Electric Field

2°2.1' A Calculation of the Electric Field at the 
Ground Using an Idealized Model *

Assuming a normal bipolar thundercloud (see

Figure 2 d )  and the earth to be a perfect conductor, one

can calculate the vertical electric field at the ground to

be

2 Q+ H 2 Q_ h

g 4rce (R2+H2 ) 3//2 4-71 e (R2+h2 ) -3//2o o

where R = the horizontal distance to the cloud to the 

observing station,

Q = charge of the positive charge center,

6
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Figure 2.1 An electric charge model of a thundercloud



Q = charge of the negative charge center,

H ■= the vertical distance to the positive charge 

center in meters, 

h = the vertical distance to the negative charge 

center in meters,

Go -• permittivity of free space.

It can be seen from the above equation that as a distant

cloud approaches an observing station, the electric field

will change from a positive to a much larger negative

value. The "reversal distance" (the distance R for which

the electric field is zero) is, found by solving equation

2,2.1a for R when E = 0 .  Thus:g

/i k 1/2R = hk / -~—f~  (2 .2 .1b)
V k 2/3 - 1

where k - H/h. For a typical cloud (H .= 6 kilometers and 

h = 4 kilometers), the "reversal distance" is about 4.9 

kilometers (or three miles).

2.2.2 Effect of Space Charge on the Electric Field

The phenomenon of point discharge has been observed 

to occur from trees, shrubs, etc, (Chalmers, 1967) in the

vicinity of thunderstorms when electric fields are large,

A brief and highly simplified explanation of point dis

charge follows. The electric field in the vicinity of a 

pointed conducting object is enhanced such that ionization



by collision occurs. The small ions produced that are 

opposite in sign with respect to the electric field at the 

point are attracted to the point5 thus causing a point dis

charge current 9 and the ions that are of the same sign will 

be repelled from the vicinity of the point. The ions that 

are repelled attach themselves to the nAitkenn nuclei 

present9 creating a space charge above the surface of the 

Earth.

Bent et al. (1965) have made simultaneous measure

ment of the space charge density at heights of 1 meter and 

28 o 5 meters during periods when point discharge occurred. 

Their measurements show the space charge to be the same at 

both heights and the space charge to change sign approxi

mately 2 o 5 minutes after the electric field changes sign. 

The wind speed during the measurements was between 2 .4 and 

5 o k meters/second which indicates that turbulent mixing 

could account for the uniform space charge densities .. If 

a uniform space charge density were assumed as the measure

ments seem to indicate, then the electric field at the 

ground could be calculated taking into account the effects 

of space charge.



10
2 6 2 o 3 Recovery of the Electric Field After a Cloud 

to Ground Lightning Discharge

A rather crude estimate for the recovery of the 

electric field after a cloud to ground lightning discharge 

can be made if one assumes 9 for the negative charge center, 

a constant charging rate ( )  and a dissipation that is . 

proportional to the negative charge. The assumption of a 

constant charging rate is well founded but the one con

cerning the dissipation term requires some further explana

tion. Actually, the dissipation term is composed of many 

currents, but it will be assumed that they can be grouped 

into two average currents corresponding to two different 

current "paths . n The first "path11 is between the positive 

and negative charge centers and the current that flows is 

mainly dependent on the conductivity within the cloud; let 

this current be represented by where is a

constant of proportionality, X ̂ is some average value of 

the conductivity within the cloud and can be assumed 

constant during the recovery period, and Q is the quantity 

of charge in the negative charge center. The second "path" 

is between the negative charge center and the earth and the 

current that flows is dependent on the average conductivity 

external to the cloud; this current can be represented by 

^ 2^e^ ? where is a? constant of proportionality, X is 

some average value for the conductivity external to the 

cloud (assumed constant during the recovery period), and
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Q is again the quantity of charge in the negative charge 

center. Using the above definitions 9 the relation for the 

time rate of charge for Q can be written as

dQ
= I - (K'X + ) Q (2,2,3a)dt g 1 c 2 e'

Assuming an initial condition - 0 at t = 0  (i.e.^ the

lightning discharge totally destroys the negative charge 

center)^ the solution to the above equation is given by

I
Q_  = ^  (i - e ) (2.2.3b)

where K is a function of X and X and can be assumedc e
constant in time. The recovery of the electric field at 

the ground is given by

>, - &  <1 - e"K t > <2.2.3=,& O O

Q+> Q represent the charge in the positive and negative 

charge centers, K is a function of X^ and X^, and 

are constants of proportionality depending on the distance 

from the charge centers to the place of measurements on the 

ground. Equation 2.2.3c clearly indicates an exponential 

recovery for the electric field.

)
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2 o 3 The Current to a Collecting Plate in the 

Plane of the Earth's Surface

2.3.1 The Total Current
Maxwell f s integral equation for a time varying 

electromagnetic field in a conducting medium states that 

the total current (for the moment convection currents will 

be neglected) into any closed contour is equal to the 

surface integral of the conduction current density plus 

the time derivative of the surface integral of the electric 

flux density. Stated mathematic ally ?

It = /  l"c ’dS" + It  /  (2.3.1a)s s

where i = the conduction current density and D = the u c -
electric flux density. Assuming the atmosphere to have 

permittivity e ̂  and total conductivity then equation

2 o 3 o.la becomes

It = XT / E - d S  + eo |T / E . d S  (2 .3 .1b)
s s

where E = the electric field.

Now assume a collecting plate to be placed in the

plane of the Earth's surface and held at the same potential

as the Earth. Then the total current to that plate would 

be

BE
I t - XT A B ♦ (2 .3 .1c)
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where = the electric field at the ground and A = the

area of the collecting plate* In other words 9 the total 

current is the sum of the conduction current and the dis

placement current•

To account for any convection currents9 such as 

from precipitation «> wind 5 etc., its contribution can be 

added in to equation 2 * 3 * 1c * Thus equation 2.3 «1° becomes

I t' = I C + 1 d + I c o n  < 2 . 3 . Id)

where 1̂ . = A E , I _ ■= e A %r E , and I = convectionC g ’ d o ot g ’ con
currents. The net current, i.e., the current that

transfers charge to the Earth, is

INET = Ic  + IcoiV ( 2 . 3 .1 e)

2 o 3 - 2 Discussion of Errors

In this section we will note three sources of error 

which are believed to be of importance. The first error is 

due to the frequency response of the system and will be 

considered later in the section on system analysis.

The second error is due to the voltage offset of 

the collecting plate with respect to ground potential.

This will result in a conduction current from the collect

ing plate to ground. A simple calculation of this current 

shows that it is small enough to be negligible.

The third error is due to point discharge occurring 

from the collecting plate itself. We consider this an



error because the collecting plate is not considered to b 

a typical point discharge source« If we use the point di 

charge formula of Whipple and S eras e (1936)

I , = a(E2-M2)Pd
— 14 2a %  8 x 10 amp/(volt/meter)

M %  860 volts/meter

as a criterion5 it would seem that 9 if point discharge 

occurred from our plate5 it would be the dominant current 

term. Therefore ̂ it would be detectable in the value of 

current measured.



CHAPTER 3

THE SYSTEM AND ASSOCIATED ELECTRONICS

3 «1 Introduction 

As more is known in the field of Atmospheric 

Electricity^ the need for better measurement methods and 

measuring equipment becomes increasingly apparent «, Many 

of the measurements in the field have been made more than 

a decade ago using rather crude techniques compared to 

today's standards• For example, most of the current 

measurements have been made using electrometer tubes which 

are subject to drift and noise problems; today, with the 

use of MOSFET (Metal-Oxide Surface Field Effect Transistors) 

transistors, an improvement can be achieved as will be 

discussed later in the chapter. A major portion of the 

present work has been devoted to updating measuring tech

niques using the results of modern technology* In this 

chapter, the system and its. associated electronics will be 

considered in some detail*

3 * 2 The System 

A block diagram of the system is shown in Figure 

3*1* The input of the electrometer is connected directly 

to the current plate* Thus the electrometer measures the 

total current which may contain a displacement current

15
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term. This displacement current term is eliminated by 

differentiating the signal from the electric field mill 

and 9 after some required amplif ication provided by the 

inverting amplifier 9 subtracing it from the total current 

signal. F i n a l l y t h e  signal representing the net current 

is integrated giving the output from the system.

3.3 Associated Electronics

3 o 3.1 Electrometer

The electrometer chosen was similar in design to 

the one used by Scott (1968) in his airborne Gerdien 

condensers. The schematic diagram is shown in Figure 3.. 2. 

The design is well adapted to- measuring currents where the 

input offset voltage is critical because this voltage can 

be adjusted to zero and held there by the negative feed

back o

The theory of operation is relatively simple. If

the input resistance of the MOSFET (Metal-Oxide Surface

Field Effect Transistor) is high (typically greater than 
Ik10 ohms) ̂ essentially all of the input current flows 

through the feedback resistor (Rgp) producing a voltage at 

the output equal to times the input current. For

frequency stability the capacitor (Cg^) was added. By 

matching the g^'s of the two MOSFET's, the temperature 

drift was less than 3 millivolts over a temperature range 

of 70° to 1TO0F . A 50 ohm resistor was added in series
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with the output to prevent capacitive loading of the 

operational amplifier. The transfer function of the

electrometer is given by

V.E
I . 1 4- STEm

where TE RE CEf
and

A calibration of the electrometer was performed 

using a standard current source and the resulting calibra

tion curve is shown in Figure 3 »3• The constant =

base electric field mill developed by Evans (1963) was 

used. The basic modifications made were elimination of'the 

compressor network making the output a linear function of 

the electric field and elimination of the conductivity 

channel electronics. The resulting electronics are shown 

in Figure 3 .^°

The current to a collector plate which is being cyclically 

exposed to an electric field is proportional to a sinusoidal 

function of the electric field (actually the current is

2 o 5 x 10^^ ohms

3*3*2 Ground Base Electric Field Mill

A modified version of the rotating plate ground

BrieflyV the method of operation is as follows



0

I j-Amperes
Figure 3•3 Calibration curve for the electrometer
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composed of two sinusoids 9 but since the conductivity term 

is eliminated later due to the synchronous chopping it is 

neglected here)« This current is then fed into ah 

electrometer which gives a voltage proportional to the 

input current. Next the signal is synchronously chopped 9 

giving a half sinusoid which in turn is fed through a low 

pass filter to obtain the average value. The final wave 

shaping is done with a notch-fliter which attenuates the 

sinusoidal frequence and a D.C. amplifier to give a desired 

gaino The overall frequency response for the electric 

field mill is,

Vv,.= f
F (l+sTfl) (l+sTf2)2

where T^^ = 0.33 seconds, the time constant of the low pass 

filter; and T ^  = 4 .06 seconds, the time constant of the 

D.C. amplifier. The constant can be adjusted to any

desired value but must be determined by calibration.

Calibration was performed by placing the electric 

field mill in a 2.1 meter high cylindrical uniform electric 

field cage. The maximum electric field that could be 

attained inside the cage was 11,900 volts/meter. Figure 

3.5 shows the resulting calibration curve which was extra

polated beyond 11,900 volts/meter. The constant =■
_45*56 x 10 meters.
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Since the actual experiment was located about eight 

miles east of The University of Arizona9 a method of 

checking the operation of the electric field mill was used. 

A metal shield was.temporarily mounted underneath the 

electric field mill 2 .$4 centimeters from the collecting 

plate, then 15 volts were applied between the metal 

shield and ground; this gave a voltage at the output of

1.2 volts which was easy to read on the chart recorder

(see Figure 3 .6 ). It should be pointed out that this was

not a calibration but was used only as an indication that

the electric field mill had not drifted since being 

calibrated in the field cage.

3 o 3 o 3 Differentiator and Amplifier

A double-stop operational amplifier differentiator 

shown in Figure 3 ° 7 was used. A 1.6 Hertz cut-off was 

chosen so the differentiator would look like a "perfect" 

differentiator with respect to the response of the electric 

field mill and attenuate the noise inherently associated 

with a differentiator. The voltage divider on the output 

was used to provide some needed amplification. The 

transfer function in the frequency domain is



Figure 3•6 Photograph of ground base field mill with test plate to
VI
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The Inverting amplifier was used for needed 

amplification and a sign inversion. The capacitor in the 

feedback loop was used to attenuate further the noise of 

the differentiator. Its transfer function is,

V •- k a
V D - (1+ S T A )

where = 0.1 second and = 10. The schematic diagram

for the inverting summer and integrator is shown in 

Figure 3 .8 .

3 e 3 » 4 Inverting Summer and Integrator

An operation amplifier inverting summer was used t 

sum the voltages v^ and v (this is equivalent to sub

tracting the derivative of the electric field from the 

total current). One of the advantages of using an opera

tional amplifier configuration is that amplification can b 

obtained along with the summation, i.e., the input-output 

relation is

VS0 = -kSl VE - kS2 VA

where = RSf/RSil and kS2 = RSf/RSi2'

The output of the inverting summer was integrated 

using an operational amplifier as an integrator (see 

Figure 3.8). The integrator was zeroed (reset) once a 

minute by an astable multivibrator driving a relay which
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shorted the capacitor for about three seconds <, By making 

the product of RC equal to the period of integration^ the 

output (VI0) is equal to the average value of the input

3 o 4 System Analysis 

In this s ection 9 a system analysis will be done in 

the frequency domain using the transfer functions that were 

given in the previous section for the various components* 

The output of the electrometer is given by

_ ""ke ^NET _ eQ ke s e , 4 x
E “ (1 + sTe )~ (1 + sTe ) ■■■ •

when the input current is equal to 1 ^ ^  + e o s E *

The output of the electric field mill for a given 

input electric field .(E) is given by

v   ---------  :---2 »■ ( 3 A b )
(1+sTFi) (1+sTF2)

the differentiator is given by

- K K s E
V  _ -------------   — ---------  — g , (3.4c)

(1 + s TF;| ) ( 1 + s TF2 ) ( 1 + sTd )

and the output of the inverting amplifier is
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The output of the summer (Vgg) is then given by

k sl KE INET ksl KF S E 
SO - (l+sTE ) (l+sTE )

: k s2 kf kd ka s e
(1+sTf1) (l+sTp2)2 (1+sTd )2 (1+sTa )

(3 Ae)

It can be seen from equation 3 A e  that the dominant time 

constant of the system is Tp2 ( A  seconds), i.e., the time 

constant associated with the B.C. amplifier of the electric 

field mill. If one makes

eo REf k sl = KF KD KA k s2 » (3Af)

then

V so = k sl KE INET ( 3 *Zlg)

provided the time variations are longer than » The

output of the integrator is equal to “the average value of

V  os o



CHAPTER 4

THE EXPERIMENT

4 o1 Introduction 

One of the most difficult problems in Atmospheric 

Electricity is interpreting the results from measurements. 

In measuring the charge transferred to the Earth by 

thunderstorms, the goal is to infer an average charge 

transfer which will be typical for the majority of thunder

storms in a regional area. To make the above inference, 

two conditions must be satisfied. First, the portion of 

terrain used as a current collector must be representative 

of the general terrain in a location where the atmosphere 

is free from man-made pollution. This condition can be 

met fairly easily by judiciously choosing the location of 

the experimental site. Secondly, it would be desirable to 

have an isolated thunderstorm cell pass over the experi

mental site. The second condition is the one which is not 

controllable. However, if such an event were observed then 

it could be concluded that the measurements were typical of 

the currents (i.e., charge transferred) to the Earth during 

a thunderstorm.

31



4 .2 Experimental Site and Experimental Set-up

32

The experimental site was the University of Arizona 

Lightning Observatory located at the USCGS Magnetic 

Observatory about eight miles east of The University of 

Arizona 9 Tucson, Arizona, This location represents a 

typical Arizona desert environment.

The current collecting plate was a one square meter 

portion of isolated earth constructed and used by Baugh 

(1965) to measure fair weather Air-Earth conduction 

currents (see Figure 4.1). Care was taken in protecting 

the electrical connections to the electrometer from short

ing during rain because changing the resistance of the 

collector plate to ground will result in a false current 

reading. An auxiliary test cable from the collecting plate 

was used to connect to a known current source; this allowed 

checking the collecting plate and electrometer as a unit. 

The calibration was done with the collector plate shielded 

before, and periodically during, the taking of data.

The location of the electric field mill and the 

current collecting plate is shown in Figure 4.2 (this 

photograph was taken standing on top of the Lightning 

Observatory looking north). With the exception of the 

electrometer, which was located next to the collecting 

plate, the electronics and recording instruments were 

located inside the Lightning Observatory building. All 

A .C . power cables were shielded and centrally grounded



Figure 4.1 Partially filled collecting plate V)v>



Figure 4.2 Location of field mill and collecting plate
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inside the. building« The output cables for the electrom

eter and electric field mill were RG-58A coax.

Continuous recordings of the electric field were 

made with a Brown Electronik Strip Chart Recorder. The 

recorder zero was positioned in the center of the recording 

paper and the gain was adjusted to give a full scale 

reading of +. 10 volts. The paper speed was set at 3 inches 

per hour.

A two channel Sanborn.Twin Viso-Recorder (Model 

60-1300) was used to make simultaneous recordings of the 

electric field and the net current. The sensitivity of 

either channel could be adjusted from 50 millivolts to 

50 volts per centimeter by means of a step attenuator on 

the input. The paper speed was 0.5 millimeters per second 

which gave a good display of the data. The frequency 

response of the recorder was 0 to 70 Hertz; this was more 

than adequate.

4.3 Data

Data were taken during four periods of thunderstorm 

conditions. Figure 4.3 shows a partial record of the 

electric field recorded with the Brown recorder. The 

electric field here was probably due to more than one 

thunderstorm cell. It is included, because it represents 

the electric field encountered during typical thunderstorm 

conditions. A summary of the results for the thunderstorm
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conditions of 25 August 1969, 26 August 1969, and 4

September 1969 are given in Tables 4.1, 4.2, and 4.3,

respectively. In calculating the conductivities, the

assumption was made that the convection current (I ) wascon
small compared to the conduction current (I^). It should 

be stated that an isolated thunderstorm cell was not 

observed near the experimental site when the system was in 

operation.

The largest negative electric field was 7,500

volts/meter recorded on 26 August 1969 during a period of

light rain. One would expect a positive space charge and 

hence a positive precipitation current to the collecting 

plate. This was reflected in the low value of the net 

current (-1.28 x 10 amperes) recorded.

The recovery curves for three successive cloud to

ground lightning discharge starting at 9-00 PM (MST) on 

1 September 1969 are plotted in Figure 4.4 (the thunder

storm cell was within the "reversal distance").



Table 4 <, 1 Tabulated data for thunderstorm conditions on 25 August 1969 (storm to
the northwest approximately 2 miles)»

Time
(MST)

' Electric field 
volts/meter

InEt x 10 11
amperes

Calculated 
X/p x 10"^^ 
mhos/meter Remarks

12:59 PM -1050 -1.12 1 .06 Wind 4 M/S from 
west; no rain

the

1:02 PM -I3OO -2.4 1.85 Wind 4 M/S from 
west; no rain

the

1:12 PM -1050 -I.92 1.91 Wind 4 M/S from 
west; no rain

the

1 : 22 PM -880 -1.44 1.64 ' Wind 4 M/S from 
west; no rain

the

1:25 PM -520 -0.88 1 i 71 , Wind 4 M/S from 
west; no rain

the

1 : 30 PM -2600 —9 ® 8 - Light rain

• 1:52 
2:04

EM
PM.

to
~0 +0.4 -- Light rain

2:19 PM + 370 + 1.2 Light rain

vo
Co



Table 4.2 Tabulated data for thunderstorm conditions oh 26 August 1969 (storm to
northwest). ■

Time Electric field iNET x 10
(MST) volts/meter amperes

-11 Calculated 
XT x 10-11 Remarks

5:00 PM 

5:05 PM 

5:17 PM

5:24 PM 

5:38 PM 

5:44 PM 

5:47 PM

5:49 PM 

5:53 PM 

6:26 PM 

6 :39 PM

•7500

+ l800 

~0 

+ 800 

+ 740

+ 520 

+ 250 

+580 

+2600

- 12.8

1 = 0  on
recorder

+4.4
+4.8
-4.0

+0.88
1

+ 2. 49 
+ 1.68 
+ 4.05 
+ 2.25

2.46

4.8

6.7

7.0

2.39

Light rain

Rain stopped

Shielded collector 
plate

Light rain

Light rain

No rain; wind 2 M/S 
from west

No rain

No rain

No rain

No rain; wind 1 M/S 
from west

w
VO



Table 4.2— Continued

6 : 44 PM 

6 : 52 PM 

7:06 PM 

7:09 PM 

7 M 7  PM 

5:52 PM

+ 3900 

+ 4100 

+ 48oo 

+ 4600 

+ 46oo 

+ 2540

+ 8 »o 

+ 8 .82 

+ 10.8 

+ 8.8 

+ 8.8 

+ 4.8

2 .04 

2.16 

2.25 

1.9.1

l .91

1.89

No rain; wind 1 M/S
from west

No rain; wind 1 M/S 
from west

No rain; wind 1 M/S 
from west

No rain; wind 1 M/S 
from west

No rain; wind 1 M/S 
from west

2 min after a few 
drops of rain

►P-o



Table 4*3 Tabulated data for thunderstorm conditions on 4 September 1969 (storm 
to the east) » ..

Time
(MST)

Electric field 
volts/meter

INET X 10 11 
amperes

Calculated 
Xp x 10-1^ 
mhos/met er Remarks

6:00 PM + 590 + 1.28 1.90 No rain; wind 3 
from northeast

M/S

6:07 PM + 730 + 1.28 1.84 No rain; wind 3 
from northeast

M/S

6:10 PM + 920 + 2,08 2.26 No rain; wind 3 
from northeast

M/S

6:13 PM + 1100 ■ 4* 2 0 2 4 2.0 4 No rain; wind 3 
from northeast

M/S

6 :1? PM . +1100 + 1.84 1.67 No rain; wind 3 
from northeast

M/S

6:19 PM + 910 + 1.92 2.11 No rain; wind 3 
from northeast

M/S

6 :30 PM <+190 + 8.42 ~ — No rain; wind 3 
from northeast

M/S

7:45 PM + 3000 + 7.2 2.4 No rain; wind 3 
from northeast

M/S .

7:52 PM + 4ioo + 12 2.93 No rain; wind 3 M/S
from northeast



Table 4.3--Continued

7:55 PM +4000 +8 2.0 No rain; wind 3 M/S
from northeast

8:0? PM -1400 -19.2 13»7 4 minutes after
electric field changed
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9:03 PM 9/1/69• Stroke 1
* S t r ok e 2 

Stroke 3

Time 
S econds)

6020 ,40 100 12 0 140 160
-1

-4--
2L-

Figure 4.4 Recovery times for three successive cloud to 
ground lightning discharges



CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDIES

5 o1 Conclusions 

A .system to directly measure the net current to the 

Earth during thunderstorms has been designed and shown to 

function successfully in actual thunderstorm conditions.

The design is relatively simple and inexpensive to con

struct, yet it utilized modern reliable electronics.

Analysis of the data taken shows that the current 

measured was directly proportional to the electric field, 

i.e., a conduction current not a point discharge current. 

The calculated conductivity compares favorably with the 

accepted fair-weather value of. 1 x 10 mhos/meter and

shows a tendency to increase with increasing field of 

either polarity. This increase is probably due to the 

enhancement of the local conductivity by the creation of 

small ions through point discharge.

5 .2 Suggestions for Further Studies 

Improvement of the system itself could be brought 

about by increasing the dynamic range, allowing operation 

in fair-weather as well as in thunderstorm conditions.

There is some question as to the contribution from 

convection current on direct current measurements made at

44
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or near ground level « With a type of Gerdien condenser one 

could measure the local polar conductivity and electric 

field and compute the conduction current indirectly. By 

comparing the value of current from this method with those 

obtained by direct measurement, the contribution from 

convection current could be determined.

Due to the low probability of getting an isolated 

thunderstorm cell over the experimental sit e 9 it would be 

desirable to set up ah array of current experiments in 

order to be able to determine the effects of each thunder

storm cell.
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