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ABSTRACT 

Two balloon borne instruments, capable of making 

in situ electrical measurements, have been flown into 

active thunderclouds. The Balloon Electric Field Sen¬ 

sor is a spherical field mill which measures the full 

vector electric field by making use of its simple relatio- 

ship to the surface density of induced charge on a conduc¬ 

ting sphere. Analysis of data obtained in a flight on 

August 12,1976 is well under way and results are presented 

here. 

A simple device, compatible in every way with the 

standard meteorological radiosonde has been developed to 

measure the vertical electric field component within thun¬ 

derclouds. This "Coronasonde" measures the corona current 

induced in a pair of antennae extending above and below the 

radiosonde box as an indication of the field which is in¬ 

ducing this current. Four flights, made in August of 1977, 

have produced data of interest. In particular, speculation 



on the possibility that a "screening layer" of charge 

at the cloud-air boundary contributed to the corona 

profile from two of these flights is presented. 
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CHAPTER 1 

Introduction and Background 

Measurements of the strong electric fields encount¬ 

ered within thunderclouds involve considerable difficulties. 

Field distortion introduced by the presence of the measur¬ 

ing device make it necessary to evaluate the relative con¬ 

tributions of the ambient field and the instrument induced 

field enhancement. In the thunderstorm environment the 

measuring device becomes subject to electrical charging, 

both as a result of its contact with indigent space charge 

and because precipitation species upon contact with solid 

surfaces, can produce a net charge transfer. Corona point 

discharge, occurring in the enhanced fields associated with 

highly asymmetrical conducting protruberances can lead to 

further discrepancies between the quantity measuredtand 

its associated atmospheric parameter. Finally turbulence 

and heavy precipitation create an environment hostile to 

the simple survival of an instrument. 

Historically the difficulties outlined above have 

resulted in a predominance of measurements made from out¬ 

side the cloud boundaries while in situ experiments have 

been relatively infrequent and of sometimes questionable 

validity. Unfortunately electrical measurements far from 



the regions of active charge generation will respond to 

the average charge distribution in the intervening at¬ 

mosphere. In particular, boundary layers of charge at 

the cloud-air and air-ground interfaces will strongly at¬ 

tenuate electric fields outside the cloud. Standler and 

Winn (1976) have shown that the field beneath a thund¬ 

ercloud increases rapidly with height above the ground as 

one leaves the region of space charge created by corona 

emanating from trees, grass and other pointed objects. 

In addition, the field's recovery characteristics fol¬ 

lowing a lightning discharge are governed not by the re¬ 

generation of charge within the cloud but by movement 

of this space charge. It seems likely that analogous 

processes occur at the cloud-air boundary. 

It is reasonable, therefore, to assume that the 

effort expended in designing a suitable in situ mea¬ 

suring device will yield data of a qualitatively dif¬ 

ferent nature from that obtained by ground based in¬ 

struments. A brief overview of the types of probes in 

use will illustrate some of the solutions that have been 

adopted. 

Broadly, two methods are available for the deter¬ 

mination of atmospheric electric fields: measurements 

of potential differences ("potential probes", "col- 
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lectors"); and measurements of the field strength -Jj 

(via induction effects). The former arrangement has 

been applied principally to the fair weather elec¬ 

tric field. An accurate measurement of the potential 

between two spatially seperated "collectors" requires 

that an extremely high impedance be maintained between 

them; in addition some means must be adopted to con¬ 

tinually discharge the collector so that it maintains 

the same potential as the atmosphere at its position. 

These requirements can result in slow time response or 

"inertia" with respect to time changes in the electric 

field. Induction devices can be designed with consider¬ 

ably faster response and have been widely utilized for 

studies of the very dynamical fields associated with 

thunderstorms. The ubiquitous field mill, with a "rotor" 

element spinning above a fixed plate or "stator" so 

that the latter is periodically shielded and exposed to 

the atmospheric electric field, is archetypical of this 

category of instruments. The alternating induction cur¬ 

rent so produced on the "stator" is related to the mag¬ 

nitude of the electric field through its amplitude. 

In its various forms the field mill has been mounted on 

airplanes and rockets or suspended from balloons for 

transportation into the active regions of the thunder- 
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cloud. 

Presented here is a desription of two balloon 

borne experiments that we have used for in situ electric 

field measurements. The Balloon Electric Field Sensor 

(BEFS) is a spherical field mill developed by Christian 

(1976,1977a) and Christian and Few (1977b) which is 

capable of measuring with accuracy both the magnitude 

and the direction of the electric field vector. Mea¬ 

surements of the vector nature of the field, when com¬ 

bined with cloud radar data on the morphology of the 

cloud provide a powerful tool for relating the char¬ 

ging processes to the physical structure of the cloud. 

We feel that our BEFS measurements represent some of the 

most reliable data that has been obtained on fields 

within the cloud. 

A rather different approach is represented by our 

radiosonde potential difference meter or Coronasonde. 

This device measures the corona current induced in a 

pair of antennae extending above and below a standard 

meteorological radiosonde as an indication of the ver¬ 

tical component of the electric field causing the 

corona. The field structure inferred from these mea¬ 

surements is much less quantitatively accurate than that 

which can be obtained from BEFS. However, its low cost 



5 

and simplicity make this instrument ideal for measure¬ 

ments in clouds of dubious scientific value; a Coronasonde 

launched into a developing cloud might indicate whether 

fields of sufficient magnitude to warrant a BEFS flight 

were present. In addition valuable information on the 

field structure of the immature storm would be so obtained. 
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CHAPTER 2 

Description of the Balloon Electric Field Sensor 

2.1 General 

The Balloon Electric Field Sensor has been described 

in detail by Christian (1976,1977a). Some modifications 

have been made in later versions of this instrument and 

in the methods of data analysis. I will try to minimize 

repetition of information already published. 

BEFS is a spherical, ten foot diameter, super-pres¬ 

sure balloon the surface of which is constructed from 

aluminum coated mylar. The measuring electronics are 

mounted entirely inside the balloon so that the countenance 

presented to the thundercloud electric field is that of 

a simple, spherical conductor. If the ambient field is as¬ 

sumed to be uniform over the dimensions of the balloon, 

the potential everywhere is an analytically known function 

of this field's magnitude, its direction in space and the 

net charge on the balloon. In particular, the normal 

derivative of this potential evaluated at the surface of 

the balloon-sphere yields a surface charge density given 

by: 

--ft 2 

(7= 4 7T R + 3^EoCosy .. .1 
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where Q is the net charge deposited on the balloon, R 

is the balloon's radius, is the magnitude of the elec¬ 

tric field vector and *y is the angle between the field 

vector and the normal to the surface element at which the 

charge density is to be evaluated. In terms of the polar 

coordinates ^6, O'- and (jjj Gf' of the surface element's 

normal and the electric field vector respectively, 

is defined by: 

cosy =cosOcosO +sinO,sinOcos (£ -jp) ... 2 

As the balloon rises it undergoes two character¬ 

istic motions which cause the induced charge (second term 

in equation 1) to redistribute itself over the balloon in 

response to the changing relationship between the field 

vector and surface elements. The electronics payload, 

mounted in the bottom of the balloon, defines a prin¬ 

cipal axis of rotation about which balloon spin occurs 

as a result of airflow past protruding paddles mounted 

0 
on the balloon's equator at 45 to the vertical. In 

addition, a spherical pendulum with respect to the balloon's 

center is created by the mass of this payload. The motion 

associated with this pendulum(wobble) produces an induced 



Figure 1. Placement of the eight sensor patches on • 
BEFS flown 8-12-76 



8 

charge flow which is a function of both the horizontal and 

the vertical components of the electric field. A pure 

rotation about the vertical axis causes an induced charge 

flow which is independent of the vertical component of the 

field. Since a wobble amplitude sufficient to produce sig¬ 

nificant charge flow in response to the vertical field com¬ 

ponent is necessary for its measurement, an effort was 

made to increase the rate of energy input to this mode. In 

order to increase the forcing due to turbulent airflow past 

the balloon, care was taken to maximize the balloon's free 

lift and the spin paddles were mounted slightly askew. 

The induced charge is measured as it flows on and 

off of eight sensor patches distributed over the balloon's 

surface according to Fig. 1. These are simply small 

areas of the balloon's skin which have been electrically 

isolated from the bulk of its surface area. Charge flow 

to or from these must be through the electronics network. 

A system of two perpendicular inclinometers and two 

perpendicular magnetometers allows one to determine 

the orientation of a set of axes fixed with respect to 

the balloon relative to space fixed axes. Coupled with 

the induced charge measurements at known locations 

on the balloon we obtain eight relations via equations 
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(1) and (2) for the determination of the three unknown 

quantities £0} <j>‘. An onboard thermistor provides 

information on the thunderstorm environment, and a pressure 

transducer yields the balloon's altitude. Either a 

directional antennae or a tracking radar can be used 

to fix the balloon's location in space. 

Finally it should be noted than an external current 

into one of the sensor patches will be measured. This 

effect manifests itself principally on the vertical 

sensors as the balloon rises through a region of space 

charge or charges due to contact with precipitation 

species. By integrating the output of the sensors 

over a suitable time period one obtains the small DC 

offset due to this effect as a measure for the average 

rate at which charge is flowing onto the balloon. 

Following is a more detailed exposition of this 

instrument's workings and the data analysis procedure. 

Chapter 3 presents the results obtained from a flight 

into an active storm. 
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2.2 Electronics 

The instantaneous charge on each sensor is measured 

as the output of a "charge-amp". Fig. 2 gives a 

schematic representation of this circuit. The inverting 

input of the op-amp is connected to the sensor patch 

while the non-inverting input is "grounded" to the 

remainder of the balloon's skin. Note that in this 

configuration a low impedance path exists for the induced 

charge flowing on and off the sensor patch. 

To elucidate the operation of this circuit let 

us decompose the "charge function" Q(t) existing on 

the sensor patch into its Fourier components and consider 

a single such component Q( U ) = QQe . Then 

continuity of current at point A requires that: 
dQ _iut VM dVfrJ) 
dt = -ioQ e~ = R + C dt 
O FF 

The solution is: 

-iut „ -iu>t 
Q e  Q e  . . i 

3... V(u?) = CF^l+i/wRFCp) = °C^ [ (l+(l/uRC)2)"1/2e-:L^} 
where 

(p =. t*.n~'( l/uRfCr') 

The two Fourier components of our charge function 

oscillate of course at the spin and wobble frequencies. 

For the flight to be discussed in this thesis these 

were characteristically: 

With the R C time constant at 3.3 seconds the factor 



Figure 2. Simplified charge amplifier. Q(t) is the 
charge on the sensor patch at time t. 
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in square brackets in equation 3 has a magnitude very 

close to unity and a phase of less than 10° for both 

frequencies. Hence to a very good approximation the 

charge amp can be considered to measure the instantaneous 

induced charge on the sensor according to: 

V (t) = V(^s) +V(q,) = Q(t)/cp 

Equation 3 shows that low frequency components 

of the charge are strongly attenuated. A net charge 

on the balloon (first term in equation 1) does not 

appear at the charge-amp output unless it is changing 

with time. Another case involves the vertical sensor. 

The vertical component of the electric field will 

dominate the charge induced on this sensor and will 

induce charge of one sign only so long as the field 

does not change polarity. Wobble motion of the balloon 

z-axis about the vertical will produce modulations in 

the amount of this charge. The output of the charge- 

amp will reflect only these modulations; the average 

induced charge of one sign will not appear. See Fig. 3. 

In this case equation 1 can be modified to read: 

0"measured= 36oE0[
cOS<?/(cOS<y-1)+sin°sin(?cos (^') ] 



4 

DC component which is not passed* by the 
charge amplifier. 



12 

where the average charge of one sign has been subtracted. 

The electronics payload contains a charge-amp 

for each of the sensor patches. The output of these 

is multiplexed 128 times per second and passed through 

a compressor amplifier. Its output is again multiplexed 

with that of the orientation and external sensors. 

This serial flow of data is converted into a PCM 

digital format. The 12-bit A-D convertor used,when 

combined with the compressing amplifier,gives a dynamic 

range of 2 X 104. This digital signal frequency 

modulates a 1680MHz carrier which is transmitted via 

a cavity-backed spiral antenna mounted flush with the 

bottom surface of the balloon. A more detailed descrip¬ 

tion is contained in Christian (1976). 

2.3 Balloon Orientation 

A transformation from a set of axes fixed in space 

to a set fixed with respect to a rigid body requires 

the specification of six generalized coordinates. As 

stated previously the three spatial coordinates are 

determined from an onboard pressure transducer coupled 

with a directional antenna. The three angles necessary 

to describe the rotation of the balloon are obtained from 



Figure 4. BEFS orientation sensors. Two perpendicular 
magnetometers measure cosX and cos^ 
Two perpendicular inclinometers measure 
< and fi . 



Figure 5. 
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a set of two perpendicular inclinometers and two per¬ 

pendicular magnetometers which measure the angles: 

= rotation about balloon’s x'-axis; 

P - rotation about balloon's y'-axis; 

cosTC = direction cosine of balloon's x'-axis with 

respect to the magnetic field vector; 

cosV = direction cosine of balloon's y'-axis with 

respect to the magnetic field vector; 

as in Fig. 4. 

The Euler angles, described in detail in Goldstein's 

Classical Mechanics (1950), provide a convenient set of 

parameters with which to specify the orientation of a 

given balloon surface element with respect to space fixed 

axes. We consider these axes to be defined as x= east, 

A A fK 

y= north, z= -g . Then a transformation to the axes 

x',y',z’ fixed with respect to the balloon is accomplished 

via three successive rotations through the Euler angles 

<j> , O as in Fig. 5. The matrix A describing this 

transformation ( x‘ = Âx ) is given by: 

cosy,cos<j6-costfsin^siny' cos)&sin^+cos<Scos^sin‘}i' sin/'sin© 
A35 

-sinfcos^-cosPsin+cosy' -siny’sin^+cos©cos^cosy' cos^sin© 

sin^sin <f> r-sLnOcos<j> cos & 
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Its inverse A-^ ( x= A~^x' ) is: 

cosV’cos^-cos^sin^'siny' -sin/'cos^-cos^sin^cos^ sindsin^ 

cos/’sin^+cos^cosjisin}*' -sin/'sinji+cos<?cos^cos)i' -sin<?cos^ 

sindsinY' sinOcosf cos O 

The problem then is to determine the Euler angles (j>, O , Ÿ 

in terms of the measured quantities «, j}, cos % , cos y . 

Having done so one easily obtains the spatial polar coordi¬ 

nates (ft , & ,to be used in equation 2,for any point on the 

balloon. For example, if we want to obtain the polar 

coordinates of the x‘ balloon axis we express the unit 

vector x* in the space fixed system: 

cosy'cos^-cosOsin^sin^' 

“ 
cos^sin^ +cosOcos$sinf 

sinosin^ 

Then we easily find: 

, 2 2.1/2 , 2 2 . 2, .1/2 (x +y ) (cos /,+cos(9-sm ) 
tan(3(x*) = z = sinosin'^' 

x cosfcoif-cosG stn$ sin'/' 
tan (J) (x ' ) = y = cos^rw^ +coso cos ^ sin ^ ...6 

The following considerations lead to the relationships 

between the Euler angles and the orientation sensor angles. 

is the angle between the component of z in the y'z' 

plane and z' .. Now: 
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=s cosT'sin & 
[1 cos o J 

tan * = 
IL 
z ' = cosT'tan 

Similarly: 

-x ■ 
tan p = z' = -sin/’tanO 

We choose the <j> rotation such that O’ will be great¬ 

er than 0. With this choice we find that: 

Ÿ = tan~^ (-tanÆ/tan* ) ...7 

O = tan ^ (tan^/cos^ ) ...8 

The proper quadrant for Ÿ is determined by the sign of 

tan «< . 

If tO be the magnetic dip angle then the magnetic field 

unit vector in the space fixed system is: 

A 

B 
0 
cos«£ 
-sin.0 

Then expressed in the balloon fixed coordinate system: 

(B)'=ÂB= 
cosJtsin^coaô+cos®cos^sin?'cosÆ-sinY’sinû>sin.& 
-siriV'sin^cosjB+cosOcos^cosy'cos^-cosV'sinesin^ 
-sinocos^cos-ô-cos® sin ^ 
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cosX =x ' (B) '= cos^sin^cos^+cosocos^sinfcos^-siny sin^sinÆ 

A A 

cos^sy' (B) ' =-sin^sin^cos^+cos®cos^cos^coa5-cosy'sino-sin^ 

Solving these equations for f> gives: 

cosXsiny,+cosycosy' +sin<?sin,ff 

COS0COS.& 

cos^cosT -cosy sin V 
cos 

-1 
cosXcos^ -cosysin Ÿ 

tan (cosysin^' H-COS^COS/ + sin<?sin£)/cos© ..9 

Equations 7,8 and 9 together with 5,6 and their counter 

parts for other sensor locations completely specify the 

balloon surface element polar coordinates to be used in 

the evaluation of -y in equation 2. 

2.4 Determination of Field Vectors 

2 
The sensor patches used had an area of 0.23m . 

Integrating equation 1 over this area gives for the 

induced charge: 

where r = radius of sensor patch = .27m 

R = radius of balloon 1.52m 

y = angle between the electric field vector and 

the normal vector to the center of the sensor patch. 
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Again cosy = cos<?cos<?/+ sindsindcos ( j> - <f>‘ ) 

Of the eight functional relationships between Eg, <f> , o' 

three are independent. (Each of three mutually perpen¬ 

dicular sensor patches responds to one of three mutually 

perpendicular components of E independently of the values 

assumed by the other two components.) In principal then, 

equations 10 for the different sensor patches provide a 

set of three independent,simultaneous equations for the 

complete specification of the electric field vector at 

each instant. However, because of the complicated func- 

tional form relating 0,0 in 10 it was found to be ex¬ 

pedient to adopt a somewhat different approach. 

A certain time interval (typically 2.5 seconds cor¬ 

responding to one spin period) was chosen for analysis 

and out of it forty equally spaced data points (i.e. instan 

taneous values of the Q(t)'s, fe's and <9's for the 

various sensor patches) were extracted. Values of , O' 

for the electric field vector's polar coordinates were 

selected for the entire time interval and used to solve 

equation 10 for the remaining unknown Eg using one of the 

sensor patches at each data point. (Normally one of the 

horizontal sensors was used. For nearly vertical electric 
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fields however, the sensor patches at 45® above the 

balloon's equator were used as we thought that the 

smaller angle between E and the normal vector to these 

sensors should result in a more reliable determination 

of E.) The forty values of E^ so obtained were then 

evaluated for consistency? a straight line fit to the 

points was made and a "goodness of fit" criterion- 

related to the reduced chi square fit to a straight 

line for the forty points-was calculated. New values 

j * 9 

for were then selected and the process repeated 

until the best fit was obtained. Typically, the com¬ 

puter performed automatically the initial search through 

/ * 
p-Q space by sequentially incrementing each of these 

two angles. The final closing on the best values for 

»i / 

p, & had to be done by the operator since the "goodness 

of fit" displayed numerous local minima. 

This procedure was found to produce reliable results 

for the electric field vector. Typically changes of 

0 u* 
5 from the best y) value produced marked degradation 

of the fit. The analysis was sensitive to changes 

0 _ ' 
of 10 in the electric field's polar angle & except 

during periods of extremely small wobble amplitude. 
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Fortunately such intervals were rare during the flight 

to be discussed here. Correlation between adjacent 

time intervals was also good, the discrepancies being 

less than 5^ for ^5 and 10° for <9 . 
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CHAPTER 3 

Results from Flight of August 12,1976 

On Aug. 12,1976 at 11:49:57 MST a Balloon Electric 

Field Sensor was launched into the active region of a 

thundercloud which had developed over Langmuir Laboratory 

for Atmospheric Research, near Socorro,N.M. The balloon 

ascended in what was evidently a column of very strong 

updrafts. Peak vertical velocities of 23m/s and an alti¬ 

tude in excess of 10.5km MSL were attained.The balloon 

measured the electric field vectors, temperatures and the 

wind fields it experienced during the flight. 

Figures 6 and 7 present an overview of the electric 

field structure observed. They are respectively pro¬ 

jections of the balloon's trajectory onto the horizontal 

plane and onto a vertical plane running from southwest to 

northeast. Displayed at thirty second intervals along the 

trajectory are the measured electric field vectors; the 

arrows indicating its direction have a length scaled to 

the field's magnitude. 

Referring first to Fig.6 we observe that in the early 

part of the flight two radical changes in the field's azi¬ 

muthal angle occur, one at 11:54:30 and another following 

a lightning discharge at 11:56:19. Despite these the 



Figure 6. Horizontal projection of balloon's track 
with field vectors plotted at 30s inter¬ 
vals. Length of arrows is such that 
lcm=25kV/m. 
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Figure 7. Projection of balloon's track onto a 
vertical plane running from southwest 
to northeast. Polar angles and mag¬ 
nitudes of field vectors are indicated. 
lcm=25kV/m. 
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field's polar angle as displayed in Fig. 7 varies in a con¬ 

tinuous manner throughout the ascent. Below 5.4 km in 

altitude the electric field lines point upwards with a 

relatively constant polar angle. Between 5.4km and 7.5km 

o 
(corresponding to measured temperatures between -5 C and 

o 
-9 C) the vertical component of the field decreases 

through zero and becomes negative so that above 7.5km 

the electric field lines are downwards directed and again 

constant in polar angle. At the highest altitudes attained 

the field vectors remain relatively constant in direction 

in the intervals between lightning discharges; these in¬ 

duce discontinuous changes when they occur. 

In Figures 8 and . 9 the horizontal and vertical com¬ 

ponents of the electric field are displayed seperately. 

The horizontal component is greatest between 6km and 

7.2km? it seems to display a secondary maximum in the 

portion of the cloud above 9km. The vertical field com¬ 

ponent has significant amplitude below 6km and again above 

7.5km (now with reversed polarity). This field structure 

is evidently consistent with the accepted simple model of 

the thundercloud which places a "region" of negative charge 

o 
in the lower part of the cloud, located between the -5 C 
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o 
and -10 C isotherms, and a region of positive charge in 

o 
the upper cloud at -25 C. Measurements of principally 

horizontal fields would occur as the balloon passes through 

the levels at which these charge centers are located. 

However, it seems reasonable to infer a more detailed 

charge distribution from these measurements. Referring 

once again to Figures 6 and 7, the field lines measured 

between 11:54:30 and 11:56:19 would appear to converge in 

a region located some 1.5km to the southeast of the bal¬ 

loon's trajectory and at an altitude of 6.5km MSL. On the 

other hand, field lines measured before and immediately 

after this period seem to converge at the same altitude 

but in a region displaced horizontally some 3.5km to the 

west. It appears that these charged regions at 6.5km have 

considerably larger horizontal than vertical dimensions. 

Note that the field vectors "close" very nicely in the 

vertical plan (Fig.7 ) while their horizontal projections 

(Fig.6 ) do not indicate a sharply defined region. The 

almost constant polar angles observed below 5.5km as the 

balloon rose towards this "layer" and again above 7.5km 

as it receded would also imply that the field lines mea¬ 

sured were emanating from a charged zone of considerable 
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horizontal extent. 

Thus two layered, horizontally distributed regions 

of negative charge, located at the same altitude but 

displaced horizontally from each other by 3.5km, seem 

consistent with the measured electric fields below 9km. 

Allowing for the radii of these "discs" of charge, the 

isolation of negative charge at 6.5km seems to be oc¬ 

curring on a scale of approximately 5km. Noting that 

the diameters of New Mexico thundercloud cells are on 

the order of 8km, it seems reasonable to infer that the 

conditions necessary for negative charge formation at 

this level occurred over a considerable fraction of the 

cloud's horizontal area, in discussing measurements made 

with BEFS one year earlier Christian (1977a) observed 

that a horizontally stratified charge configuration was 

more consistent with the electric fields he had measured 

than a simple dipole model which placed the negative 

charge in a spherical volume. Our measurements tend to 

support his argument that a stratified cloud model ac¬ 

counts for observations better than the dipole approx¬ 

imation; one must of course allow that within this lay¬ 

er of negative charge great inhomogeneities will exist. 

In the region of the cloud above 9.5km the measured 
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electric field vectors seem to change significantly 

mainly in response to lightning discharges, despite 

the large horizontal velocity now attained by the 

balloon. One infers that the upper portion of the 

cloud is experiencing a similar horizontal motion 

(i.e. anvil formation) and the charged regions pro¬ 

ducing the measured fields are maintaining a relatively 

constant position with respect to the balloon. 

There seems to be no preference for the sign of 

the vertical field component at this altitude. The 

upwards directed fields measured between 12:00:00 and 

12:03:00 are consistent with positive charge located 

below the balloon (@ 30.5km). Yet the field lines fol¬ 

lowing a lightning discharge at 12:03:54 point downwards 

and the magnitude is much too large to be accounted for 

with the negative charge layer now far below the balloon. 

Considerable positive charge must therefore exist above 

the balloon's level at this time. We infer that in 

contrast to the layered negative charge structure the 

positive charge in the upper part of the cloud is dis¬ 

tributed in a region of much larger vertical extent; 

again of course, extremely nonuniform charge densities 



Figure 11. Digital radar scan of August 12,1976 
thundercloud at 12:01:20 MST. Balloon's 
position is indicated by the darkened 
circle. Letters indicate cloud reflec¬ 
tivity in alphabetical order with "A" 
indicating strongest reflectivity. 
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Figure 12. Contours of equal reflectivity for 12:01:20 
MST radar scan. Arrow indicates polar 
angle of electric field vector measured 
at balloon's position. 
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igure 13. Digital radar scan of August 12,1976 
thundercloud at 12:03:43 MST. Balloon's 
position is indicated by the darkened 
circle. 
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Figure 14. Contours of equal reflectivity for 12:03:43 
MST radar scan. Arrow indicates polar 
angle of electric field vector measured 
at balloon's position. 
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will exist in this region. 

The sequence of events observed between 12:02:00 

and 12:04:00 is extremely interesting. During this 

period, the field vectors,which have^remained relativ- 

ly constant both in magnitude and in direction, begin 

to "tip over" towards the horizontal. A lightning dis¬ 

charge at 12:03:54 inverts the field vector and increases 

its magnitude dramatically. The strongest fields ob¬ 

served during this flight occured in the period im- 

mediatly following this event. Radar scans of the 

cloud during this period (Figures 11,12,13,14)reveal 

the presence of a turret to the southwest of the bal¬ 

loon. Discussed by Malkus (1960) and Saunders (1962) 

these turrets protruding above the tropopause over 

thundercloud anvils are apparently formed when a buoyant 

air parcel, rising through the updraft regions of the 

cloud, attains sufficient momemtum to carry it well 

past the equilibrium level where its density is that of 

the surrounding air. Having reached its maximum al¬ 

titude, the air parcel falls back on itself. 

It seems possible that the variation in the field 

vector we observed during this period occurs as a result 

of movement of positive charge by this turret. As the 
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distance beteen the turret and the balloon decreases 

during this period the measured field vector "tips 

over" towards the north-east as if in response to a 

positive charge situated in the turret. The distance 

between the balloon and the turret, although decreasing 

during this time interval, remains greater than 5km 

so that to account for the measured field vectors as the 

result of positive charge at the turret's position 

some 50 coulombs are required. 

Measurements made by Vonnegut,Moore,Espinola and 

Blau(1966) from an airplane flying above thundercloud 

anvils have shown that the vertical potential gradient 

above the cloud is considerably larger over these „ 

turrets. They intrepret this as the result of the tur¬ 

ret's disrupting the "screening layer" of negative charge 

formed at the upper cloud air boundary. Our observations 

suggest that positive charge moved upwards with these 

turrets could also have contributed to the observed 

field enhancement (Fig. 15). 



Figure 15. Enhancement of electric field above thunder¬ 
cloud tops by: (a) disruption of screening 
layer by upwelling turret; (b)upward move¬ 
ment of positive charge associated with 
turret. 
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Figure 16 displays the field magnitude, measured 

during the ascending portion of the flight as a function 

of time,altitude and temperature. The strongest fields 

are measured between 11:55 and 11:56 as the balloon 

passes nearest to the negative charge at 6.5km. With the 

exception of the very strong fields measured after the 

12:03:54 lightning event, the general tendency dis¬ 

played is of a gradual decrease in average field mag¬ 

nitude as the balloon moves away from this level of 

concentrated charge. The instantaneous field is seen 

to be very unstable with 100% variations occurring in 

the order of 1 minute due to relative motions of the 

balloon and charged regions. Almost instantaneous 

variations occur in response to lightning discharges. 

The field regrowth following "majordischarges (evi¬ 

dently those events involving charge regions which are 

making a significant contribution to the field measured 

at the balloon's location will be most noticeable) 

occurs in an approximately 1 minute time interval and 

appears to be approximately linear. 
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During certain periods of the flight a DC cur- 

o 
rent flow into the vertical and 45 sensor patches 

was measured. There are four possible sources for 

this current: (1) conduction current; (2) corona dis¬ 

charge off the balloon ; (3) falling cloud bydrometors; 

(4) the balloon's movement through a region of space 

charge. Figure 17 displays the current density mea- 

o 
sured by the vertical and the 45 sensors seperately 

during the flight. Positive currents are chosen to 

be upwards so that a positive current implies that 

negative charge is flowing into the upper hemisphere 

of the balloon. 

The intermittent current which was measured between 

-12 -1 -1 
11:52 and 11:54 would require a conductivity of 10 ohm m 

to be accounted for as a conduction current with the fields 

then prevailing. Since this is an order of magnitude 

higher than accepted values for the conductivity inside 

clouds, this mechanism seems unlikely. The total current 

-9 
flow (5X10 amps ) is two orders of magnitude smaller than 

those typically observed with the onset of corona dis¬ 

charges. The spherical shape of BEFS produces the minimum 

field enhancement possible with a finite body so on this 



Figure 17. Current flow into the upper hemisphere of 
the balloon. A positive current implies 
that negative charge is flowing onto the 
upper hemisphere of the balloon. 
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basis also, corona current off the balloon seems an un¬ 

likely explanation. Finally note that the current mea¬ 

sured with the vertical sensor is always larger than that 

o 
measured with the 45 sensors. This cannot be explained 

using mechanisms (1) and (2); since mechanisms (3) and 

(4) depend on air flow directed at the sensors one would 

expect to measure a larger current with the vertically 

positioned sensor patch. The same arguments apply to the 

much larger currents measured between 11:56 and 11:58. Thus 

the current flow observed into the vertical sensors was 

probably due to contact between the balloon and cloud water 

droplets or precipitation species. It is important to note 

that if large, precipitating hydrometors were responsible 

they need not have been charged before contacting the bal¬ 

loon. 

From Figure 17, we see that negative charge was trans¬ 

ferred to the balloon at altitudes of 4km to 5km, that is, 

well below the level at which we conjecture the negative 

charge layer existed. If we assume that this charging 

was due to a net charge on the cloud droplets, and that 

the relative velocity between the balloon and the charged 

species was lOm/s, then a space charge density of 

_9 ^ 
-5X10 C/m is obtained. Were we to assume that the char- 
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ging occured as a result of contact with negatively 

charged precipitation species falling at a rate of 

lra/s then a rain current density of +5X10~ ^amps/m^ is 

obtained which would be serving to dissipate the cloud's 

electrical energy. 

A very high rate of positive charge influx to the 

upper sensors occurred between 11:56 and 11:58. At this 

time, the field vector had inverted so the balloon seems to 

have been above the negatively charged layer. With these 

fields, precipitation species would tend to be polarized 

with positive charge on their lower halves. The observed 

charge transfer could have resulted from these polarized 

hydrometors splashing off the balloon. We must note that 

even without polarization, solid-liquid and solid-solid 

interactions are well known to produce significant char¬ 

ging of airplane surfaces (Loeb,1953). The magnitude of 

the charging observed makes it unlikely that net charge 

residing either on cloud droplets or hydrometors was 

responsible. This assumption would require unreasonably 

large values for either the cloud space charge or rain 

current densities. 

Analysis of this storm is by no means complete. At 

the same time that the BEFS was penetrating the cloud, 

a variety of ground based instruments was in operation. 
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Digitized cloud radar data for the entire period 

of the flight are available. Ground field 

mills were monitoring the electrical macrostructure of 

the thunderstorm. Rain gauges measured precipitation rates 

at the ground and an acoustical array provides the pos¬ 

sibility for lightning channel reconstructions to pinpoint 

the regions from which selected discharges emanated. 

The method used in reducing BEFS data could itself be 

improved. A fruitful approach seems to be to actually 

solve the simultaneous equations for the field vector 

which are provided by the different sensor patches at 

each instant of time. This would result in vastly improved 

time resolution for the fields and hopefully, less work 

on the part of the programmer. 

A furthur BEFS flight from August of 1976 as well as 

one made in August 1977 remain to be analyzed. It is hoped 

that these will cast furthur light onto the complex 

field structure of the thundercloud and the mechanisms 

responsible for electric charge separation. 
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CHAPTER 4 

Coronasonde Measurements 

4.1 Introduction 

The idea of using the corona current induced in a 

conductor by a strong electric field as a measure of that 

field is not a new one. The earliest systematic studies 

of the electric field structure within thunderstorms 

were conducted by Simpson and Scrase (1937) and Simpson 

and Robinson (1941) who recorded the polarity of corona 

current flow through a 20m length of wire suspended from 

a balloon rising through the cloud. R. E. Belin (1947) 

used a modified radiosonde circuit to measure the point 

discharge produced by the potential gradient inside a 

cumulonimbus cloud. Seville Chapman (1953) developed an 

improved version of this device to probe thunderclouds 

and electrified snow blizzards. 

Stimulated by the value of measurements made with 

our Balloon Electric Field Sensor and simultaneously 

aware of the expense and difficulty involved in these 

flights, we undertook to develop a balloon borne corona 

measuring device to determine the polarity and at least 

qualitatively the magnitude of the vertical field com¬ 

ponent as a function of position within the storm. As 
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a carrier platform, the meteorological radiosonde was 

chosen both for its widespread availability and its rel¬ 

ative simplicity. Our corona measuring device, or Corona- 

sonde, was designed to be compatible both in size and in 

mode of operation with the radiosonde. 

4.2 Theory 

In the presence of an external electric field, the 

equipotential surface introduced by a conducting object 

can lead to a highly distorted field in its vicinity. 

Consider a thin, cylindrical conductor of length L and 

diameter d oriented parallel to the external field. When 

uncharged, the entire length of conductor can be consid¬ 

ered to assume the potential of its midpoint? hence the 

potential drop occurring between the tip of the conductor and 

the undisturbed medium a few centimeters away is: 

dV 
V= L/2 * dz = L/2 • E 

z 

where E is the undisturbed value of the vertical electric 
z 

field. The distance over which the disturbed potential 

extends is of the order of the conductor's diameter. Hence 

the field at the wire tip is approximately: 
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AV 
V2d E 

Z 

A long, thin wire may thus produce very large fields at 

its tip. 

An electron occurring in the vicinity of the positive 

point will be strongly accelerated towards that point so 

that it quickly gains enough energy to ionize a neutral 

molecule. Now two electrons starting with zero kinetic 

energy are likewise accelerated until they ionize to pro¬ 

duce four electrons. In this fashion, an "avalanche" of 

electrons moves towards the wire point? the number of 

electrons at any position is given by: 

n = exp ( ex. (Z-Zq) ) 

where (z-z ) is the distance from the position at which 
o 

the triggering electron began its movement towards the 

point, and the reciprocal of < is seen to be the average 

ionizing free path length for electrons. 

A certain fraction of electron-neutral collisions 

will produce excited states of the neutrals rather than 

ionization. The subsequent decay of these excited states 

may lead to emission of photons with high energies. "Sec¬ 

ondary" electrons are created by those photons which 
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recross the discharge gap and ionize a neutral molecule. 

If this occurs at a sufficient distance from the corona 

point, the acceleration of this secondary electron will 

result in the formation of another avalanche sequence. A 

triggering current of nQ electrons/second will thus pro¬ 

duce a current n at the corona point given by: 

n = n exp(o<-d) + nV exp(<* d)exp(-ud) ...11 
o p 

In this equation, the distance from the point over which extend 

fields of sufficient magnitude to produce effective ion¬ 

ization is given by d. Hence the first term on the right 

is the field enhanced current due to the triggering current 

nQ electrons/second at a distance d from the corona point. 

is the fraction of the n èlectrons/second at the corona 

point which excite neutrals to emit photons directed back 

across the discharge gap. l/u is the average . photon 

absorption distance, so that the the number of effective 

secondary electrons created is nV exp(-ud) . Hence the 
P 

second term in equation 11 is the field enhanced current 

due to secondary electrons. Equation 11 can be rewritten: 

n = 

nQexp (ocd) 

1- y exp ( [<£ -u ] d ) 
P 

...12 
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SinceoCis an increasing function of field magnitude, a 

point is reached where Y exp([<< -u]d) = 1. This is the 
P 

so called Townsend threshold for self sustaining discharge. 

The current at the corona point now augments independently 

of the triggering current nQ until dissipative factors such 

as gas heating or space charge buildup slow its rate of 

increase to zero. Physically, the Townsend threshold is 

reached when the field strength is such as to produce 

avalanches of sufficient magnitude to yield on the average 

one secondary electron for each triggering electron. 

The positive ions created in the discharge sequence 

move very slowly in comparison to the electrons. Thus 

positive space charge, which builds up particularly in 

the low field regions some distance from the corona point, 

serves to limit the augmentation of the current and pre¬ 

vents breakdown to a spark discharge. 

Analogous processes occur at the negative corona 

point where electrons are accelerated away from the elec¬ 

trode. Here, however, secondary electrons are produced 

principally by photoemission from the metal surface of the 

cathode. Corona discharge processes are described thorough¬ 

ly in Electrical coronas: Their Basic Physical Properties 

(Loeb,1965 ). 
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We see then that the factors determining the corona 

current's magnitude are the ambient field strength, the 

geometry of the point, the gas pressure, the clearing rate 

for the positive ions left behind in the avalanche se¬ 

quences, and at the cathode by the work function of the 

metal. The current to field relationship for our Corona- 

sonde is seen to bè a complicated function involving 

altitude, wind speeds, ion mobilities, gas composition etc. 

We have not yet performed the careful calibration 

necessary for a reliable inference of the field magnitudes 

responsible for our measured corona currents. For now, it 

will only be stated that measurements in our lab a STP 

with the antennae configuration used in the coronasonde 

produced currents of luA beginning at a field strength of 

7kV/m which increased approximately parabolically to a 

value in excess of lOuA at 30kV/m. 

4.3 The Device 

The AMT-4B radiosonde employed is designed to measure 

temperature and humidity as a function of pressure. The 

temperature and humidity sensing elements are simply var- 

isble resistors whose resistances control the frequency of 
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a "blocking" or "relaxation" type oscillator. 

Figure 18 is a schematic diagram of the blocking 

oscillator circuit. Current flow through the .tube is controlled 

by the grid potential. Should this potential go below 

ground electrons emitted at the cathode are repelled and 

the tube is effectively shut off. As soon as ,the grid 

potential becomes positive, current starts to flow to the 

anode. The rapid amplification of this current owing to 

inductive feedback between the plate and grid, combined 

with an oscillatory tendency produced by stray capacitance 

and inductance in both the grid and plate circuits are 

sufficient to generate a large negative-going pulse on 

the grid_circuit which shuts off the tube. No further 

current can be passed by the tube until the negative charge 

on the capacitor C has drained to ground through the 

temperature or humidity controlled variable resistor. 

The frequency of the current pulses is thus controlled by 

the RC time constant formed with the sensing elements. 

These pulses are used to amplitude modulate a 1680MHz 

carrier frequency which is transmitted to a ground based 

receiver. 

An aneroid barometric switch controls whether the 

capacitor's path to ground be through a fixed reference 

resistor, the thermistor or. the hygristor. By keeping 

track of the sequence of frequencies 



i To 1680 MHz Oscillator 

Figure 18. Schematic diagram of blocking 
oscillator. Inset show voltage 
on capacitor c as a function of 
time. 
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produced as the outside pressure drops the altitudes corres¬ 

ponding to the measured temperatures can be computed. 

Our Coronasonde circuit replaces the humidity element 

and acts as constant current source. The size of the 

current output is controlled by the • and direction 

of the corona flowing through a 2m length of wire, one half 

of which extends vertically above and the other half below 

the radiosonde box. The time needed by this current source 

to charge capacitor C up to ground determines the pulse 

frequency. Fig. 19 shows the coronasonde circuit. 

The voltage reference maintains a constant 2.5 V 

potential between ports (2) and (3). The operational 

amplifier holds both its inputs at the same potential; 

thus this same 2.5 V appears across R^. as long as there 

is no current through Rc« Should corona current flow through 

the antennae and consequentially through Rc the resultant 

voltage will be added to (or subtracted from) the 2.5 V 

across Rj. Since the inputs to the op-amp as well as the 

transitor base draw negligible currents all the current 

through Rj must appear at the coronasonde output. Hence 

the output current is: 

_ 

Io = Ri 

where lcis the corona current defined as positive when 



Figure 19. coronasonde circuit. 
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flowing upwards through the antennae. 

The blocking oscillator normally operates at frequen¬ 

cies between 10 and 200 Hz. Our output currents were chosen 

so as to drive it in this frequency range for -12.5£Icil2.5uA. 

The coronasonde circuit saturates for currents greater 

than 12.5 uA. Pig. 20 gives the audio output frequency 

as a function of corona current for a typical coronasonde. 

The antennae are lengths of 16 gauge copper wire whose 

ends have been filed to a sharp point. It should be noted 

that the Coronasonde circuit requires no modifications to 

the radiosonde itself. It carries its own power supply 

and is designed to fit into the clip that normally holds 

the humidity element. The pulse-frequency data transmission 

format requires no decoding other than the standard strip- 

chart recordings used at meteorological stations. 

4.4 Results 

Of six Coronasonde flights made this summer into 

thunderstorms over Langmuir Laboratory for Atmospheric 

Research, near Socorro, N.M., four produced data of interest. 

Two other Coronasondes failed to enter electrified clouds. 

The results are presented graphically in Fig.21. The left 

and right vertical axes are respectively altitude in 

kilometers MSL and temperature as measured by the radiosonde 



Figure 20. Audio frequency vs. corona current 
for a typical coronasonde. 



Figure 21. Results from four Coronasonde flights 
made in August 1977. Corona current is 
plotted as a function of altitude and 
temperature. The "error bars" indicate 
the magnitude of the oscillation in the 
corona current caused as the corona induc¬ 
ing conductor swung on the long line 
connecting it to the balloon, thereby 
changing its orientation with respect to 
the electric field vector. 
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thermistor. Note that the balloon hangar at Langmuir.' Lab 

is at 3.225km MSL. Plotted against these is the magnitude 

and direction of current flowing through the antennae of 

the Coronasonde. This current is defined as positive when 

it flows from the lower to the upper antenna; points to the 

right of the center line on the graphs thus correspond to 

electric fields with an upwards directed vertical component. 

The heavy line indicates the cloud base as determined from 

the time at which the balloon was visually lost into the 

cloud. The data points are averaged measured corona over 

a 30 second time interval. 

The August 5,1977 Coronasonde was launched into the 

edge of a storm whose center of activity appeared to be 

several kilometers to the north. The storm had formed 

just before sunset in conjunction with a pressure distur¬ 

bance which was to produce a large number of storms con¬ 

tinuing throughout the night. The balloon entered the cloud 

well to the southwest of its apparent center of activity. 

Corona onset occurred immediately and the current quickly 

reached a value in excess of the instruments full scale 

reading. A reversal in current direction occurred with 

positive corona measured from 7;1 to 8.3km. Above this 

altitude no further corona was observed. It should be noted 

that the sense of the corona current reversal at 7.1km 
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implies a positively charged region centered at this 

altitude. The radiosonde thermistor was broken while 

lauching so that no temperature measurements were made 

during this flight. 

The August 8 Coronasonde rose into a cloud that 

had produced several thunderclaps prior to launch. 

Judged by precipitation and electrical activity 

observed at the ground, the cloud did not subsequent¬ 

ly develop into a very active thunderstorm. Downwards 

directed corona, indicative of dominant positive charge 

overhead, was observed over a 500m vertical interval 

beneath the cloud. The corona reversed polarity at 

4.9km, still below cloud base, and continued to 

become more positive as the balloon rose through the 

lowest 400m of the cloud. The current reversal at 

5.4km is consistent with negative charge at this al¬ 

titude. 

The observations of negative corona and the sub¬ 

sequent polarity reversal, all occurring beneath the 

cloud, must be attributed to a time dependent charge 

distribution within the cloud, since in the observed 

absence of precipitation, we can assume that there 

was no significant charge in the clear air through 

which the balloon was rising. Evidently, the down- 
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wards directed fields responsible for the corona 

measured from 4.3 to 4.8km were the result of a 

predominantly positive charge distribution in the 

lower part of the cloud. This distribution must 

have changed by the time the balloon entered the cloud, 

since upwards directed corona was then being measured; 

i.e. the dominant charge was negative. There are 

no unambiguous indications as to the vertical extent 

of the positive charge responsible for the downwards 

31 
corona. The positive from 4.8 to 5.4km, if due 

3E to a positive ^ , could be partially an effect 

of the balloon's rising through a vertically extended 

region of positive charge distributed in the lowest 

400m of the cloud, below the now dominant negative 

charge at 5.4km. We have speculated,however, that 

this intensification of positive corona is due primar¬ 

ily to the balloon's approach to the negative charge 

center and that the time history of the corona record 

beneath the cloud is consistent with a positive 

"screening layer" at the cloud-air boundary. Formed by 

the upwards directed electric fields of the cloud's 

negative charge center, this screening layer might, in 

the event of a lightning event's removing some of the 

negative charge, locally reverse the fields beneath the 



Figure 22. Formation of a screening layer of 
positive charge at the lower cloud- 
air boundary. The vertical electric 
field is the result of the cloud's 
dominant negative charge center. 
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cloud. After a short time, the field would tend to 

return to its original polarity due to charge flowing 

in the now nonequilibrium configuration and to re¬ 

growth of the negative charge center. 

In Pig. 22 vertical field components Ecand and 

conductivities (£,(£ exist in the cloud and in the air 

respectively. Then by continuity, charge builds up 

at the boundary according to: 

- 
T
A^A - 

where £ is the surface density of charge. In equilibrium: 

r » 
* «i 

so that the field beneath the cloud will be considerably 

reduced in magnitude but of the same sign as that in the 

cloud. This can change, however, in a time varying situa¬ 

tion. Application of Gauss' Law to the boundary shows 

the two fields in question to be related by: 

Should E suddenly decrease due to a lightning discharge 
c 

then E may actually change sign, at least until enough 

time has passed for charge flow to reestablish equil¬ 

ibrium • Strong updrafts or downdrafts would disrupt this 

screening layer. The absence of observed precipitation 

or of an increase in the balloon's rise rate as it 

neared the cloud's base would indicate that no such winds 

were present. 

The August 7 Coronasonde was observed to have 
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gone up the extreme edge of a large, mature storm. Mea¬ 

surable corona was not observed until a high altitude had 

been attained and the balloon had evidently drifted into the 

anvil. The measurements are consistent with a region of 

positive charge from 10.5 to 11.5km. Note the negative 

current observed at 12km. Again, a possible explanation 

is the balloon's rising through a "screening layer" of 

negative charge formed at the upper cloud-air boundary. 

The ground electric field record for August 9;, 1977 

shows our Coronasonde to have been launched just as the 

ground field began its decay from a peak value of -7kV/m 

(foul weather polarity). It subsequently reversed polarity, 

attaining a maximum value of +3kv/m. 0ur 

corona measurements are consistent with this sequence of 

events; a single reversal of current polarity corresponding 

to a positively charged region just above the cloud base 

is observed. 

4.5 Conclusion 

The Coronasonde measurements made this past summer have 

proved to be of great interest both for their own merit 

and for the possibilities raised for future research. The 

instrument is inexpensive, easy to prepare and launch and 
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the data returned are quickly reduced to meaningful form. 

These characteristics make the device ideal for multiple 

launches into the same storm in order to trace its temporal 

and spatial development and also for measurements in both 

immature and dissipating storms where the hit and miss 

nature of a flight can be prohibitive for more complicated 

instruments. 

With refinement of the corona-producing antennae and 

the addition of a large, series resistor to linearize 

the relationship between corona current and potential 

gradient ( a suggestion made by L.H. Ruhnke ) this simple 

instrument should yield quantitative information on the 

vertical electric fields within thunderstorms. 
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APPENDIX 

On the advice of Dr. Dess1er I have made 

an assessment of the effect of the small, but finite 

conductivity of the thundercloud medium on the BEFS 

measurements. The associated currents can give rise 

to errors in two ways, conduction current, flowing 

into a sensor patch,will pass through the charge amp¬ 

lifier's feedback resistor creating a voltage of the 

same sign as that caused by the induced charge. In add¬ 

ition, the system of currents flowing in the distorted 

electric field near the balloon, might give rise to a 

charge distribution which alters the potential around 

the balloon. 

Although the magnitude of the conductivity 

within thunderclouds is not well established, it is 

generally agreed that it is at least an order of mag¬ 

nitude smaller than the clear-air's conductivity of 

—12 
10 /SL-m .The ratio of voltage due to conduction cur¬ 

rent through the charge amp to voltage due to induced 

charge on the sensor patch is therefore: 

vc = <r£Rr ^ /0"’x /o4 _ 
vi Z/Cf /o~n/io~6 



An exact solution to the problem of a conducting 

sphere in the presence of space charge distributions 

resulting from its being embedded in a conducting 

medium would be difficult but we can estimate the 

importance of the effect from the following consid¬ 

erations. Since the unperturbed electric potential is 

a solution to Laplace's equation, the electric field, 

and hence the conduction current, are nondivergent 

everywhere except at the surface of the balloon. Here, 

ion species moving radially outward from a volume of 

air next to the surface will not be replaced since no 

current can flow out of the conductor. The result is 

a sheath of space charge next to the conductor, the so 

called "electrode layer". The current's divergence 

in this layer is: 

where d is the thickness of the layer. 

Since a given volume of air will be in contact 

with the balloon's surface a time ^t= R/V, R being 

the balloon's radius and V its rise rate, the max¬ 

- <L 
- ZJi 

h 
at 

imum charge density in the electrode layer will be: 
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This charge will add to the unperturbed electric 

field at the balloon's surface and oppose it outside 

the electrode layer. At the surface, the ratio of the 

field due to the electrode layer to the field that 

would exist in its absence is: 

V- ~ _ £ R„!£l’ /2-\ w/f3 
£u~r„i„lu A**. " mvr^Xsw 

To a very good approximation then, we can: (1) neglect 

conduction current compared to induced charge; 

(2) use the electrostatic solution for the potential 

to find the relationship between the induced charge 

on the balloon and the ambient electric field. 
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