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ABSTRACT

A modified Gerdien condenser was designed and evaluated for 

measurement of the polar conductivities in thunderclouds* This conduc

tivity dropsonde also housed sensors to measure the vertical pressure, 

temperature, and relative humidity profiles* These instruments were 

ejected from aircraft or released from balloons into the region of 

interest*

Eight flights were made during the thunderstorm season* Three 

successful flights were made through electrically active clouds* Two 

fair-weather profiles were measured to obtain a conductivity reference 

for the Tucson area. This reference profile was used in analysis of 
the dropsonde records of conductivity perturbations caused by thunder

clouds*

A reference conductivity cell (Gerdien condenser) was designed 

for the continuous measurement of the polar conductivities at the 

Atmospheric Electricity Research Laboratory and for calibration of the 

airborne instruments*



‘Chapter 1 

INTRODUCTION

lei The Problem and Justification

Knowledge of the electrical conductivity within a cloud-air sys

tem is of primary importance in the evaluation of the charge distribu

tions and electrification mechanisms in thunderstorms, Calculations of 

the magnitude of the electrical conductivity inside a thundercloud have 

yielded a wide range of values, depending upon the particular electri
cal model of the thundercloud* Most models have been based on electric 

field measurements made external to the active region* Because the 

resulting solution to the charge distribution is not unique, the values 

have varied, from Phillips 8 (1967) near zero value, to FreierQs (1963) 
value which is 20 times greater than the fair-weather value at the 

specific altitude, Chalmers (1964) and others frequently utilize a 
value of about one-third to one-tenth the fair-weather value. However, 

these estimates are either based on conductivity measurements made ex

ternal to the active region of the thundercloud, or on values derived 

from "scaling up" the behavior of fair-weather clouds.
Presently, systematic electrical conductivity measurements made 

inside the air system of the thunderstorm are critically needed. As has 

been previously noted, the inherent complexities of the measurement 

method make evaluation of the absolute magnitude of the electrical con
ductivity difficult. Fitzgerald (1963) has suggested that the question



of Ohmic conductivity of air in clouds can be answered experimentally 

in a preliminary way if a valid technique can be derived for distin

guishing between, say 0*1 to 10 times the ambient value. Finally, it 

should be mentioned that Vonnegut (1963) has questioned the validity of 

applying the criteria of Ohmic conditions within the thundercloud.

1.2 Approach

A modified cylindrical*"capacitor conductivity cell (Gerdien 

condenser) was selected as the most suitable design for this measure

ment. The dropsonde Gerdien condenser was housed in a grounded tube 
with the air intake and vents electrostatically shielded to eliminate 

errors due to displacement currents. The performance was evaluated in 

a large electric field cage. Limited environmental contrpl was to be 

achieved by varying the flow velocity through the condenser, the elec

tric field strength, the relative humidity, and the temperature. A 

reference Gerdien condenser was built to provide a calibration for the 

dropsonde Gerdien condenser.



Chapter 2 

THEORY AND BACKGROUND

2.1 Electrical Nature of the Atmosphere

The earth and the ionosphere, a region that can be approxi

mated by a conducting layer at an altitude of about 70 kilometers, can 

be considered as a charged spherical capacitor. The potential of the 

ionosphere is about 0.3 million volts positive with respect to the sur

face of the earth. The vertical electric field component is defined as

where v is expressed in volts and z in meters. In fair weather the 

atmospheric electric field is directed vertically, and it is conventional 

among atmospheric electrical workers to call the electric field positive 

when actually it is the potential gradient that is positive.

The conducting nature of the atmosphere arises from space charges

carried by electrons and ions. These charges are maintained by a compli

cated radioactive and cosmic ray balance of ionization and loss processes 

interacting with the movements of the gas itself. The dynamic state of 

the space charges is expressed by the generalized equation for the air- 

earth current density. In terms of the transport coefficients, the 

air-earth current density is

volt (2.1)meter J

J = XE - eDAn -f neW (2 .2)

3
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where X is the scalar electrical conductivity in mhos per meter, E is 

the vector electric field, e is the elementary electric charge, D is the 

diffusion coefficient, An is the density gradient of the space charge, 

n is the density of the charge carriers, and W is the vector wind veloc-

conduction current, the diffusion current, and the convection current, 

respectively. If the measurements are averaged over time and space, the 

second and third terms may be omitted for a first order approach to the 

electrical conditions in the earth's atmosphere.

2.2 Atmospheric Ions

Atmospheric electrical workers consider mobility, k , the most 

descriptive feature of the charged carriers. The mobility of a charge 

carrier is

where vel is the average velocity per unit electric field, E .

Of course, the actual mobility is dependent upon the state of 

the gas in which it resides, i.e., the temperature, humidity, pressure, 

and the presence and nature of the uncharged constituents.

Electrons have the greatest mobility of any of the charged

carriers. Their mobility at the earth's surface is of the order of
22(meter)1" / (volt-sec . ), or 2 MK.S units. The electron, however, remains 

free for only about (10)  ̂ seconds before capture. With respect to the 

time scale of electrical measurements, the electron contribution to the

ity.

Usually the three transport mechanisms are referred to as the

(2.3)



net charge conduction is negligible, and one considers only the ions as 
playing a significant role in atmospheric electricity*

Investigations of the ion mobility spectrum (Israel and Schultz, 

1933) have shown that the mobility near the high mobility end of the spec
trum is approximately 1.7(10) ^ MKS units. This peak and the group of 

ions with mobilities between 1(10) ^ and 3(10) ^ MKS units have historical^ 
ly been considered as the small ions. The mobility of the negative ion 

is larger than that of the positive ion by about 30 per cent. Noting 

this difference in mobility, investigators think that the small ions are 
not simple molecular charge carriers with an electron added or removed.
The general consensus is that the small ion is composed of a single 

ionized molecule with other molecules clustered around it and kept to™ 
gather by the charge. Figure 2.1 shows the production of small ions.

The accepted mass of the small ion ranges between 5 and 10 times the 

mass of a water molecule. Thomson9s work (Loeb, 1955) in pure air

at standard temperature and pressure gives - 1.38(10) \  and k -«
~41.86(10) MKS units. These values commonly appear in theoretical cal

culations of the electrical.nature of the" atmosphere.
Another group, designated as intermediate ions, has mobilities

«»5 •ranging between (10) and (10) MKS units. It has been noted (Hess,
1928) that such ions can exist only under conditions of low humidity, 
and will disappear at higher humidity, presumably becoming large ions.

The intermediate ions could possibly be hygroscopic molecule clusters.
The third group has been labeled as the large ion contribution.

The mobility values lie between 3(10) ® and 8(10)  ̂MKS units. The
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large ions are thought to be particles of substances from industrial 

smoke, particles of evaporated sea salt, or soluble substances from 

pollution (Chalmers, 1957).

There is an important difference between small and large ions 

in that the charge of the small ion is the essential factor, whereas the 

charge of the large ion is incidental. When a large ion loses its 

charge, it becomes an Aitkin nucleus, and remains detectable. By this 

criterion, the intermediate ions are usually classified as large ions. 

Figure 2.2 shows the size distribution of atmospheric aerosols and the 

relationship between the particle sizes.

2.3 Electrical Conductivity

The electrical conductivity of any medium is the quantity of 

electricity transferred across a unit area, per unit potential differ

ence, per unit time. Therefore, the electrical conductivity of the 

atmosphere, as defined by the air-earth current density equation, is a 

function of the small ion density, mobility, and charge. The positive 

polar conductivity is

00

\  = c /  k/ (k )+dk+ <2-4>
o

where f(k)^ is defined for the mobility distribution of the positive 

ions. Thus, f(k)+dk+ gives the concentration of ions with mobilities 

between k+ and k+ + dk For negative ions the expression is

00
kf(k)dk_ (2.5)

o
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The total electrical conductivity is the sum of the two polar 

conductivities.

Because information of the mobility spectrum is taken from data 

averaged over a sampled mobility width, it is customary to express the 

polar conductivity as

than large ions. Since the large ion density is at the most only 50

times the small ion density (Sagalyn and Faucher, 1954) it is evident

that the contribution of the large ions to the net conductivity is very

slight. This has been shown by recent investigations (Jonassen and

Wilkening, 1965) of the relationship between the small ion density and

the conductivity. He determined that at Socorro, New Mexico, the

correlation coefficient between the polar conductivity and the small

ion concentration is higher than 0.97 for positive and negative ions with
-4mobilities greater than 10 MKS units. Thus the approximation seems 

experimentally quite valid.

(2.6)

(2.7)
i

v
en-jk-j (2.8)

j

Small ions have, on the average, a mobility 1000 times greater
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2.4 Vertical Distribution of Conductivity

The time variation of the polar ion concentration, considering 

only small ions and Aitken nuclei, is

dnm
dt q - a  V  - P "tnN I 3l0n 1 (2.9)L cm - sec. J

where represents the concentration of the small ions, positive or 

negative, in ion/cm-̂ , q is the production rate of ions, (% is the recom

bination coefficient between small ions, N is the concentration of 

Aitken nuclei, and 3 is the combination coefficient between nuclei and 

small ions.

Assuming a standard atmosphere (Fig. 2.3) where the small ions 

are in a state of equilibrium and the Aitken nuclei density is zero

7 ^  = 0 (2.10)

‘W  - 9 (2 11)

Xm = - V km C  I?)

\n = e V q ^ m  (2.13)

From knowledge of the ion production rate, the recombination 

coefficient, and the small ion mobility, the vertical distribution of 

the total conductivity above the exchange layer may be computed. The 

exchange layer is that layer of air above the earth's surface which is 

characterized by convection mixing, and the 700 millibar pressure level 

is usually assumed as the boundary (Uchikawa, 1963).
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Ionization due to radioactive matter in the earth and air is 

confined to the lower levels of the atmosphere, primarily below the ex

change layer. Over water at sea level, the ionization due to radio

activity is negligible. Therefore the assumption can be made (Callahan, 

et al., 1951) that the ionization is due only to cosmic radiation.

The variation of the small ion recombination coefficient with 

pressure and temperature can be determined from Thomson's theory of 

volume recombination (Loeb, 1939).

a = 1.73(10)'1 ) (J;)* f(x) | rrr | (2.14)

where T is the absolute temperature in degrees Kelvin and M is the 

molecular weight of the ions relative to hydrogen (~ 85). This average 

molecular weight is obtained (Stergis, et al., 1955) by using the widely 

accepted value of the recombination coefficient measured at 20°C. and 

760 mm Hg. as a = 1.6(10) ^cm^/sec. The function, f(x) , is the prob

ability that recombination will occur after the ions have approached a 

critical distance where attraction sets in, and is defined by

f(x) = 1 - ^ 1 - e"x(x+l) j (2.15)

This probability function f(x) is tabulated for various values 

of x by U.S.A.F. Cambridge Research Center (1961).

The parameter x is evaluated by Thomson as
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where la/1 is the dimensionless ratio of the mean free path of a molecule 

to that of an ion at standard temperature and pressure, approximately 3 

for air (Kobayashi and Kyozuka, 1960), and P is the atmospheric pressure. 

Consequently,

a = 1.93 (10)~b ( ̂  j f(x) (2.17)

(2.18)

(2.19)

7.2(10)2 e(k°+ + ko-> ZpX Zf V /4 r
[f--)]T----------- ( f ) Vq (2.20)

The value of ion production is proportional to the intensity of 

cosmic rays. The cosmic ray data as a function of altitude is obtained 

from the data of Ganges, et al. (1949) taken at 41°N magnetic latitude
3and by using a conversion factor of 11.2 ion pair/cm /count/sec. as 

suggested by Bourdeau, et al. (1959).

A vertical profile of the total conductivity is shown in Fig. 2.4,

2.5 Measurement of Conductivity

The initial technique of measuring the polar electrical con

ductivity of the atmosphere was by determining the time constant of a 

charged conductor, as

i = c0/X . [seconds] (2.21)
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To insure that Ohm9 s Law applies,, the air flow past the charged conduc

tor must be of sufficiently high velocity to nullify the effects of 

diffusion and recombination of the ions* A conductor exposed to the 

air has an induced charge, the magnitude and sign depending upon the 

magnitude and sign of the ambient electric field. The atmospheric elec

tric field might cause different parts of the same conductor to be 

oppositely charged, resulting in the collection of ions of both signs. 
This alteration of the ion distribution in the neighborhood of the 

charged body, in still or slowly moving air, has become known as the 

"electrode effect" (Hess, 1928), Distortion of the ambient electric 

field caused by the charged body will be greater the higher the body is 

raised above the surface of the earth while still being grounded.

To remedy this problem, attempts were made to measure the time 

constant of a wire stretched inside a conducting net that allowed a suf

ficient flow of air with partial shielding from the atmospheric electric 

field. But the net had an induced charge which affected the approaching 

ions, so the technique was not valid. The investigations of Swann (1914) 

have shown that if the air velocity is less than about 20 cm/sec., then, 

due to the induced charge on the net, the measurement would yield a value 

only 65 percent of the actual polar conductivity,

2.6 The Gerdien Condenser

In order to overcome the above restrictions on the measurement 

of conductivity. Von H, Gerdien designed a measuring instrument. The 

instrument, which became known as the Gerdien Condenser, consisted of an 
aspirated coaxial cylindrical condenser with a voltage applied between /



16
the electrodes. An electrometer connected to the appropriate electrode 

measures the gain or loss of charge. Operated in the discharge mode, 

the operator measures a polar time constant related to the condenser 

characteristics by

t = RC (2.22)

where R is the resistance of the medium between the plates, and C is the

effective capacitance of the condenser. When operated in the charge

mode, the operator measures the current delivered to the central elec

trode, which is related to the resistance of the medium, R, by

^meas. = pT" (2.23)

where VA is the voltage applied between the inner and outer cylinders.

The electric field in a coaxial cylindrical capacitor is given

by

E = V/nTrh/r'a) <2-24>

where r is the radial distance from the system axis, and r^ and r^ are 

the radii of the outer and inner cylinders, respectively. It is assumed 

that the air flow moves in the x direction with a velocity u, which in 

general may be a function of r

u = u(r) [meter/sec] (2.25)

Thus, an ion with mobility entering the Gerdien condenser.

Fig. 2.5, with coordinates (x̂ , r^) obtains two velocity components, Vx 

and Vr.



Figure 2.5. Gerdien Condenser



assuming a positive ion and a positive voltage applied to the outer 

electrode.

The trajectory of the ion which enters the condenser at a dis

tance r = r^ from the axis is determined by an equation relating x and 

r

x = f(r) . (2.28)

Since the horizontal velocity component is

^  - u(r) (2.29)

and the radial velocity component is

dr klvA

klV_A
V “a"

(2.30)dt r^n(rb/ra) 

rearrangement of terms yields

dx = u(r)dt (2.31)

dr = 7In(rJr ') dC (2-32)

and the trajectory of the ion becomes

^n(rb/ra)
dx = — --- u(r)r dr. (2.33)

Integrating the above expression for the movement of the ion 

from x = 0 to x = x and from r = r^ to r = ra yields
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IXdx = Ira u(r) r dr . (2.34)
° ri

And, in general

in(rb/ra) j ra
*x = — — ---- u(r) r dr . (2.35)

1 A i

The volume of air aspirated per unit time through the cross-

section bounded by circle radii r^ and ra is

£ = 2ir j u(r) r dr fsecj (2.36)
ri rt

Now x can be defined in terms of the flow rate through the

Gerdien condenser

*  -  ill ■ (2-37)

For the case of an ion entering the condenser at x = 0 and 

r^ = rb , it will reach a distance x on the inner cylinder.

C  • (2-38)

If one determines the mean velocity of the air flow, u(r) 

x may be expressed in terms of the condenser geometry,
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in(rb/ra)
u(r)(rb2 - ra2) (2.39)

For the special case of a velocity profile independent of r

(2.40)

If the effective capacitance of the condenser can be expressed

by

C ° in(rb/ra) [farads] (2.41)

where e0 is the permittivity of the medium, and the length of the central 

electrode is 1, then we can determine the critical mobility kc that an 

ion must possess to be caught on the electrode as

where Vc is the specific applied voltage that causes the critical 

mobility to become kc.

If n is the number of ions of the same charge per unit volume 

of air aspirated through the condenser, and no voltage is applied 

between the electrodes, a quantity of electricity, ne ^  ̂ passes 

through the Gerdicn condenser.

For a given applied voltage V%, which causes a critical radius 

r| for the ions under examination, all ions entering at radius less
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than r[ will go to the central electrode, yielding

ii = ne = ne CklVj (2.43)
Li

This means that before saturation, i.e., when the critical radius

becomes r^, the current is proportional to the voltage. For a specific 

flow rate, the current-voltage gradient is proportional to the polar con

ductivity by

shown, the current increases linearly with the increase of the voltage 

applied to the condenser. This is the Ohmic region where the applied 

voltage yields a limiting mobility greater than any expected ion mobili

ties in the volume being sampled. The linear current increase applies 

up to the critical voltage Vc, which results in the capture of all ions, 

and any further increase of voltage does not yield an increase in cur

rent. Thus, the Gerdien condenser is in the saturation region.

denser are shown in Fig. 2.7. Because of the half-saturation region 

caused by the ion mobility spectrum, Coroniti, et al. (1954) suggests 

that the applied voltage be less than one-half the theoretically cal

culated critical voltage.

Since none of the required boundary conditions of the operation 

of the Gerdien condenser can be fulfilled with perfect accuracy, it is

di^ neCkj XjC
(2.44)

This current-voltage characteristic is shown in Fig. 2.6. As is

The generalized operation characteristics of the Gerdien con-
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Figure 2.6. Gerdien Condenser Current-Vo1 cage Characteristic with 
Mono-Mobility Ions.
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important that the influences of different deviations be weighted in 

order to evaluate the accuracy of the experiment. Some of the influences 

which must considered arc the air flow inside the condenser, stray elec

tric fields, contact potentials, effective condenser capacitance, charg

ing of the instrument, ion diffusion, charged particle impaction, 

displacement current errors, a method of measuring zero conductivity, 

and the possible changes in the ion environment due to motion of the 

device.

profile was constant across the condenser. Swann (1914) was the first 

to show that conductivity measurements by a Gerdien condenser are not 

affected by the shape of the velocity profile across the condenser. 

Hewlett (1914) experimentally verified that for small voltages applied 

to the condenser, the measured conductivity was independent of the 

velocity profile.

the requirement that any particular velocity profile must not alter from 

one point to another along the axis of the condenser, or the conduc

tivity measurement is invalid. He begins with the consideration that 

the horizontal distance the ion travels is

where r% is the initial entry radius, *2 *-s Che final radius, and u is 

the horizontal air velocity which is a function of r. Since

Gerdien1s original theory assumed that the air flow velocity

Recently Paltridge (1965) has extended the flow analysis to

(2.45)
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dr ki
ft ' r in(r2/r1) <2-46)

2 u<r)^n(r2/ri) r ^  (2.47)
VAkl

If an ion enters the condenser at a radius greater than a cer

tain critical radius, rcritical> *111 not be caught on the inner 

electrode of length 1. This electrode length can be obtained by sub

stituting r = ^critical' *hich gives

in(r2/ri) [ra 
1 = ~'y'C ' ' / u(r)r dr (2.48)A 1 J

critical

where

A = / u(r)r dr (2.50)
^critical

All ions which enter the condenser at a radius less than 

^critical *111 be collected. The number of ions collected is

r^critical
N = / n^27Tru(r) dr (2.51)

ra

where n^ is the number of ions per unit volume
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/rcritical
N = 27r u(r)r dr (2.52)

■ 27T m  A* (2.53)

In the case of fully developed flow, i.e., where u(r) is not a 

function of x

iin(r2/ r 1)

which is independent of u(r).

Paltridge concludes that when u(r) is a function of x, A' t A, 

and the resulting conductivity measurement is no longer independent of 

either the velocity down the condenser or the velocity profile.

A ' = A (2.54)

N _ 2-r mki.1 VA (2.55)



Chapter 3

APPLICATION OF THE GERDIEN CONDENSER

3.1 Air Flow Analysis

For mathematical simplicity in deriving equations for ion motion 

inside the Gerdien condenser, it was assumed that the ions move in a 

volume of air that is traveling through the condenser in a direction 

exclusively parallel to the axis of the center electrode. This assump

tion is a difficult, if not impossible, boundary condition to satisfy. 

Since it is difficult to predict the motion of air through a Gerdien 

condenser of specific goemetry, the investigator must experimentally 

determine the nature of flow through his device. A description of flow 

through a tube is presented, since the tube geometry is most similar to 

the Gerdien condenser. However, one must modify the results so that 

they apply to the operation of the Gerdien condenser.

The term laminar motion is used to describe an orderly state of 

flow in which macroscopic fluid particles move in layers (Daily and 

Harleman, 1966). In laminar flow through a tube of constant diameter, 

the instantaneous velocity at any point will always be parallel to the 

axis of the tube. Shear at the boundary retards the fluid and estab

lished a boundary layer zone of viscous influence. The viscous forces, 

being dissipative, have a stablizing or damping effect upon the flow 

when it is subjected to disturbances. If turbulence sets in, the 

boundary layer is defined in terms of a temporal mean velocity. The

27
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turbulence quickly exceeds the original laminar boundary layer, and 

reaches out into the free stream to entrain and mix more fluid, forming 

a thicker boundary layer. At the same time, the mean velocity near the 

boundary is increased, giving a velocity profile which is fuller than 

the laminar profile.

Reynolds, one of the earliest investigators of turbulent flow, 

tried to determine when the change between laminar and turbulent motion 

would occur. Reynolds found (Dodge and Thompson, 1937) that the flow 

in a cylindrical pipe can be described by the value of the dimensionless 

expression

(3.1)

where vel was the average velocity of the fluid, £ represented some 

characteristic dimension of the boundary surface, and V was the kinematic 

viscosity of the medium. For the application to a pipe, £ became D, the 

inside diameter of the pipe.

Schillar (Rohsenow and Choi, 1961) introduced a lower limit 

defined as the value of the Reynolds' number where laminar flow remains 

laminar, independent of the magnitude of the disturbances introduced into 

the flow at the entrance of the tube. The "critical" value was experi

mentally found to be 2320.

Figure 3.1 shows an example of steady flow into a uniform duct.

As is shown, the flow velocity entering the pipe is nonuniform over an 

entrance length. Boundary layers form, leaving an unsheared core, which 

shrinks with distance as the growing layers envelope the core flow.

The velocity profile is constant across the core. If the tube is long



(A) LAMINAR FLOW

IB) TURBULENT FLOW
Figure 3.1. Air Flow in a Tube. K;v£>



30

relative to its width, a uniform state is reached with no further change 

of the velocity profile. The entrance length depends upon whether the 

developed boundary layer remains laminar. For the laminar case in a 

tube, a theoretical entrance length which agrees well with experiment 

is

where le is the entrance length, and D is the pipe diameter. If the 

boundary layer becomes turbulent, the entrance length is shorter. Ex

perimentally, the entrance length is in the range of 50 to 100 diameters. 

The exact length depends on the location of the transition to turbulence, 

and a general relation for le does not exist.

It appears that the only way the Gerdien condenser can be utiliz

ed is to operate the condenser in either of the two extremes of flow.

One method is to operate the condenser in a short region of the 

entrance length, in order that the velocity profile at the entrance 

closely approximates the exit velocity profile. The other method is to 

employ an inlet section of sufficient length, matched to the condenser 

to insure that the flow is fully developed at the entrance to the active 

region. Again the velocity profile is the same at entrance and exit.

ease of fabrication and application. The low value for the kinematic 

viscosity of the atmosphere near the earth’s surface demands that the 

velocity through, or diameter of, the Gerdien condenser be small if the 

Reynolds' number is to be less than the critical value. But these are

% 6.5 (10)“2 R* (3.2)D

The obvious choice is the short condenser with the associated
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difficult conditions to fulfill. When the diameter is reduced, it is 

exceedingly difficult and expensive to fabricate the condenser. And 

when the air flow is reduced, the applied field must be correspondingly 

diminished in order to operate the condenser in the Ohmic region. The 

reduction of the applied electric field is sharply limited by the mini

mum signal that the electrometer can detect and the magnitude of the 

condenser's contact potential.

The bulkiness of the laminar flow condenser would severely limit 

its application. And, for cloud measurements, if the package oscillated 

about the vertical axis during the descent, the air flow rate might be 

temporarily decreased below the critical velocity, and yield random 

erroneous values during the descent. The oscillations would not be de

tectable without additional sensors, which would reduce the time avail

able to sample the conductivity.

Some modifications in the nature of flow through a tube must be 

made when utilizing the Gerdien condenser. The Gerdien condenser is a 

coaxial cylindrical device. The characteristic dimension used in the 

Reynolds' number now becomes I 1 (Komarov, et al., 1961). Therefore

i' = rQ - rt (3.7)

where I' is the characteristic length, r^ is the inner radius of the outer 

cylinder, and r0 is the outer radius of the inner cylinder. It should 

be noted that many investigators have directly applied the Reynolds' 

number values without proper conversion to this characteristic length.

Also if one choses to operate in the fully developed region of 

flow, the entrance length will be less than that for a tube. Since
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£ a D2 (3.4)

and the new characteristic length is

D’ = D/2 (3.5)

the entrance length is now

i* a 1/4 (3.6)

and fully developed flow is rapidly established. Of course, one must 

provide a suitable dummy rod in the entry length for this analysis to 

apply.

If one choses to operate in the entrance length, the velocity 

through the condenser must be appropriately increased to offset the 

effect of the decreased entrance length.

Since the center electrode must be connected to the electrometer, 

the introduction of supports in the air stream alters the established 

flow and adds an undetermined degree of turbulence. In our special 

application to regions of extraordinarily high electric field, the elec

trostatic shield will add turbulence to the air flow.

Since the accuracy of this experiment is an order of magnitude 

effort, we will not modify the established theory, but will only point 

out our variations to indicate an awareness of deviations from the 

theory. Misaki (1960) states that a precise determination of the veloc

ity distribution throughout the Gerdien condenser is necessary even when 

laminar flow is guaranteed.
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3.2 Eddy Diffusion

As was shown by Paltridge (1965), the typical measurement of 

electrical conductivity with the Gerdien condenser becomes invalid when 

the air flow becomes turbulent. The error introduced by turbulent flow 

is due to eddy diffusion. Gunn (1964) has made the most extensive ex

periments involving turbulent flow in a Gerdien condenser. He first 

noted that the introduction of a short piece of tubing in front of his 

condenser invariably reduced the measured values of conductivity. Gunn 

then found that the diffusion of ions to the metal walls of the con

denser was negligible if the air flow was laminar. To evaluate the 

value of conductivity, he used a delta factor in his general expression 

for conductivity.

X = k'd + 5) (3.7)

where k.1 was the constant for the specific measurement and 5 was the 

experimentally determined factor to correct for diffusional losses with

in his instrument. 5 was determined by performing successive measure

ments of the conductivity, with and without the entrance section of the 

Gerdien condenser. For his configuration, which incorporated a sharp 

right angle transition in the entrance length, Gunn found that 6 was 

approximately 0.11 for both polar ions.

Higazi and Chalmers (1966) using an instrument configuration 

similar to Gunn's, reported a small ion loss of 15 to 20 per cent when 

measuring conductivity. He attributed this loss to eddy diffusion 

within his device.
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Stergis (1954) mentioned eddy diffusion losses in the 10 foot 

long aircraft inlet pipes to his Gerdien condenser conductivity instru

ments . The diffusion losses were 50 percent for a 2" diameter pipe,

25 percent for a 3" pipe, and negligible for a 4" pipe. These results 

seem to be inconsistent with the expected Reynolds’ number performance 

of the pipe size, but Stergis * results can be partially explained if the 

angle-of-attack of the aircraft changed during the measurement where the 

resultant turbulence could have masked the eddy diffusion losses.

3.3 Gas Kinetic Diffusion

There will be another loss of ions as the volume of air being 

sampled passes through the inlet section due to the effects of gas- 

kinetic diffusion. Gas-kinetic diffusion is governed by the diffusion 

coefficient and the gradient of the ion density. The diffusion co

efficient is related to the mobility of the ions according to Einstein's 

Law
D = - -j—  (3.8)

where k is the specific ion mobility, Kg is Boltzmann’s constant,

1.4(10) ^  watt-sec./K°, T is the temperature of the parcel of air, and 

e is the elementary charge.

Gormley and Kennedy (1949) have derived an expression for the 

diffusional losses for a parcel of air in laminar flow passing through 

a cylindrical tube

n/n0 = 1 - 4.07h2/3 + 2.4h + 0.446h4/3 ... (3.9)



where h is defined by

h = (3.10)

where £ is the length of the tube, D is the diffusion coefficient, and 

Q is the air flow rate.

Hoppe1 and Kraakevik (1965) reported Cobb's experiment which 

showed diffusional loss in excess of that predicted by Gormley and 

Kennedy's equation existed for air flows encountered in Hoppe 11s 

mobility measurements; and, the diffusional losses could be disregarded 

at the higher air flow rate in the Gerdien condenser conductivity mea

surement.

Dolezalek and Oster (1965) considered the effect of diffusion 

by using the relationship

Z = D grad n (3.11)

where n is the ion density. By first order approximation, since the 

value of grad n is unknown, the magnitude of the ion flux is

i 1 1 • -(? ) ■ "(5) »•-=>
assuming that the concentration of particles at one end of the distance 

d is n, and at the other end of d the concentration is zero and stays 

zero. Thus, the relative ion flux due to the diffusion becomes
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This is based on the fact that the wall of the Gerdien condenser repre

sents an absolute ion sink; all ions touching the wall are lost,because 
they deposit their electric charge and turn into neutral molecules» 

Howeverj if the instrument becomes charged, the condenser wall will not 
act as an absolute ion sink and the equation will not be strictly cor
rect. It must be remembered that the equation for the relative ion flux 

is applicable only for the outer layer of ions because the secondary 

layers will be electrostatically shielded by the first layer*

3.4 Contact Potential

When low voltages are applied across the Gerdien condenser, it

is important to recognize the error introduced into the measurement by

the contact potentials present in the condenser* The usual technique of 

evaluating this effect is to take conductivity measurements of air that 
has been artificially ionized and to note the change in output current

as a function of the applied voltage. For Ohm8s Law to be observed, it

is necessary that the curve of the output reading versus applied voltage 

be a straight line passing through the origin* Usually the straight

line will not pass through the origin, but will cut the Va axis. At

whatever value the line cuts the Va axis, the value of the contact 

potential is of opposite sign and of equal magnitude*

Usually the magnitude of the contact potential is less than

approximately 0*2 volts, and of varying sign, depending upon the metals 

used in constructing the Gerdien condenser* But as the contact poten

tial is so small with respect to the usual range of applied voltages, 
it is ignored by many*
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3.5 Stray Electric Fields

Stray electric fields affect conductivity measurements in two 

ways. First, they make the evaluation of the Gerdien condenser's 

effective capacitance experimentally difficult, and, secondly, they 

cause an increase in the effective condenser cross-section.

Evaluation of the effect of the stray electric fields can be 

done in two ways. Komarov, et al. (1961) state that the distortions at 

the edges of the condenser are negligible if

r0 <-jr (3.14)

where rQ is the outer radius of the condenser, 1 is the length of the 

inner conductor, and D is a constant equal to 0.175. If the inequality 

is not maintained, one must experimentally determine the amount of the 

distortion. Hoppe1 and Kraakevik (1965) state that if the stray capaci

tance Cs is small enough, then the small ion equation can be modified.

CS - 12 [ ] (3-15)

where and V2 are two voltages above the saturation, and and I2 are 

the resultant currents respectively obtained.

Pedersen (1965) in an attempt at quantitatively evaluating the 

stray-field effects due to various geometric configurations, constructed 

and tested three models of the Gerdien condenser, (Fig. 3.2) and 

obtained their current-voltage characteristics. The current-voltage 

characteristics of the three systems, sketched in Fig. 3.3, are
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identical according to the simple Gerdien condenser theory presented 

previously* But; as one expects, the effects of the unwanted stray 

electric field are different* The air flow in Pederson9s wind tunnel 

apparatus was turbulent, and this resulted in the error bars shown on 

the I-V curves. The largest collector current was found for Probe I; 
this is presumably caused by the electric field outside the cylinder 

on the front end making the effective area for ion collection larger 

than the cylinder opening* This end effect is probably why the probe 

current does not saturate» Bourdeau, et al. (1959) reported the same 

effect when his rocket-borne Gerdien condenser did not saturate due to 

the central electrode acting as an isolated unipolar probe*

Probes II and III have the outer cylinder connected to ground. 

This outer cylinder causes the center portion of the field inside the 

probe to be very similar to the ideal cylindrical form, but the fring

ing field between the electrode at voltage V and outer cylinder may 

disturb the ions as they enter the Gerdien condenser* The effect of 

these stray fields is to extract ions from the air stream entering the 

condenser opening and lead them directly to ground instead of having 

them pass the electrometer* This makes the ion current to the collec

tor smaller than it should be in the undisturbed case* In order to 

find the magnitude of this effect, the current ie was measured* The 

current ie is chiefly caused by ions extracted from the ionized air 

stream entering the cylinder, and some contribution is also expected 

from ions picked up outside the cylinder by the fringing field*
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It is very difficult to determine which probe gives the most 

correct current**vo 1 tage characteristics from the measurements made, 

Pedersen made measurements of the small ion mobility spectrum which were 

in agreement with mobility measurements performed by other groups^ but 

no conclusion could be reached as to which mobillty-spectrum was the 

most correct. The fact that ie for Probe III is larger than for Probe 

II indicates that the end effects of Probe II are smaller, and this 

electrode configuration is better. Comparing Probes I and II, it is 

difficult from the measured I-V characteristics to see which is the bet

ter probe. The larger i-value for Probe I is probably caused by extra 

ions caught outside the cylinder by the outer electric field. The ie 

values for Probe II are. most likely less than those for Probe I because 

of ions taken away in the electric field at the entrance, Consequently, 

the correct curve should be somewhere between the curves for Probe I and 

Probe II, However, there is an advantage of Probe II. The voltage 

source and the electrometer amplifier for measurement of the collector 

current can both be connected to the reference potential, and it is not 

necessary to have the voltage source isolated and shielded between the 

collector and the electrometer input.

3,6 Condenser Capacitance Measurement

The effective capacitance of a Gerdien condenser is neither the 

value computed from the known geometry, nor the value measured by means 

of an impedance bridge. Swann (1914) has shown that the value of effec

tive capacitance to be used in the absolute calibration of a Gerdien 

condenser is the capacity of that part of the electrode system which is
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exposed to the air flow. It is difficult to determine what part of the 

support for the central electrode should be included because of the 

stray capacitance at the ends of the condenser and the added capacitance 

of the exposed support arm.

Smith (1953) has devised an experimental technique that is 

relatively uncomplicated to perform. It consists of determining the 

relative contributions to the ion current by the central electrode and 

by its support. Therefore by knowing the capacitance of the central 

electrode, the "effective" capacitance of the collecting system can be 

determined. is the capacitance of the central electrode, and C2 is

the capacitance of that part of the support which is exposed to the air 

flow. The total electrode capacitance is determined by an impedance 

bridge, first with and then without, the central electrode present. The 

difference between these two values gives C^. A determination of the 

ratio C]/C2 leads to a value of C.

Assuming that in air of constant conductivity the instrument 

normally gives an output current of 1̂ , and when used without the cen

tral electrode, but otherwise unaltered, it yields a current of I2 , then

{ ± = ^ 4 ^  (3.16)
I 2 2

Because the ion current in proportional to the capacitance of the col

lecting system, then

C1 1lG = Ci + C2 = l2 (3.17)
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Since one can experimentally determine and I2 , and is known from 

a preliminary experiment, this is one way to readily determine the 

effective capacitance.

When determining and In, Smith suggested utilizing an arti

ficial source of ionization to produce a high and constant value of 

conductivity to minimize the background variations.

Gunn (1964) utilized an impedance bridge and measured the con

denser capacitance with and without the central electrode having removed 

the central electrode at the exact point where it entered the large tube 

of the condenser. His results are, however, also subject to inclusion 

of the stray capacitance of the cell.

3.7 Displacement Current Errors

When measuring the electrical conductivity near an active thunder

cloud air system, one must be aware of the possible error due to measure

ment of an unknown displacement current.

Id - Cs f r  (3 18)

Id ‘ Aeeo dt (3-19)

There are two ways in which this error can arise. The first case 

is when the dropsonde is rapidly approaching a space charge center, 

either through movement of the dropsonde, or mechanical movement of the 

space charges by an updraft. With an unshielded central electrode, the 

output signal will contain a component due to the displacement current.
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The second case is when the dropsonde is passing through an 

active thundercloud and a lightning discharge occurs. This will have 

the greatest effect on the Gerdien condenser..

Since it is impossible to predict the occurrence of displace
ment current error, and offset its effect, one must provide an adequate

electrostatic shield for the central electrode while minimizing distor

tion of the desired air flow pattern.

Of the many investigators who have made electrical measurements

and perhaps inadvertently sampled an electrically active cloud, only 
three have mentioned the possible error due to inadequate electrostatic 

shielding, Jones, et al, (1959), used a Gerdien condenser and a field 
mill aboard a radiosonde during the flight. However, he only mentioned 

the use of a screen over the intake to the condenser, Jones did not 

elaborate as to the affect this screen had on the accuracy of the con

ductivity measurement,

Takahashi (1965), making space charge density measurements of 

clouds with an open collector, did comment on the error due to inade

quate electrostatic shielding. His tests showed that a nominal value 

of 1/5 the full-scale output was obtained when the ambient electric 

field was varied abruptly from 1 kv/m to 0 v/m, Takahashi also noted 

an output signal 1/50 full-scale when the instrument oscillated about 

the vertical axis. He asserted that during his observation of the 

thundercloud there were no audible lightning discharges, and therefore, 

Takahashi claimed his measurements were void of error.
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Runke (1965) mentioned the possible error in fair-weather 

atmospheric electrical measurements introduced by displacement cur

rents* These displacement current errors would occur especially at 

cloud boundaries* Runke then developed a cloud boundary detector which 

operated by measuring strictly this displacement current*

3.8 Charging of the Instrument

If the dropsonde becomes charged to a potential different from 

the surrounding medium,, deviations from the developed theory will result* 

There will be a deficiency of ions having the same sign of charge as the 

instrument package because of the repulsive electric field at the opening 

of the tube housing the Gerdien condenser, and the resultant measurement 

will yield a value less than the ambient polar conductivity * For ions of 

the opposite polarity one expects an increase in the effective area of 

the condenser intake*

Unfortunately, the importance of charging varies directly as the 

polar conductivity which is being measured* In a region of high conduc

tivity equilibrium would be quickly achieved, since the atmospheric time 

constant varies inversely as the polar conductivity.

Coroniti, et al. (1952) have studied the effect of aircraft 

charging on conductivity measurements. They analyzed the results by 

considering both the electrostatic and mechanical forces acting on an 

ion entering the air intake. Coroniti assumed that only the electric 

fields emanating from the intake tube, 3 feet in front of the aircraft 

nose, had any effect on the sampled ions. This assumption was based 

on the fact that the average air velocity of the aircraft was
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approximately 20 times the maximum velocity of any small ions which 

would be attracted toward the charged aircraft. Then Coroniti perform

ed an electrostatic analysis and showed that the extra ions attracted 

to the intake were completely neutralized at the wall of the intake 

tube, resulting in a correct measurement of the ambient polar conduc

tivity. Coroniti concluded that whenever the air velocity drawing ions 

to the system is of the same order of magnitude as the velocity of the 

ions in the electric field at the surface of the aircraft, then there 

will be loss of ions to the surface of the aircraft.

Paltridge (1965) apparently following Coroniti°s analysis, 

stated that since the ion velocity into his Gerdien condenser intake 

was at least 20 times higher than its drift velocity would be in any 

expected fields, his measurements were not affected by charging of the 

aircraft.

The studies on aircraft charging reveal an important considera

tion that can be applied to the dropsonde. In regions of large elec

tric fields, or in the case of instrument .charging, it is best to 

rapidly move the probe through the region of interest and avoid the 

complication of disturbing the ion population. The ratio between the 

ion drift and air velocities will not need to be as large as when using 

aircraft because of the lower cross-section and volume of the dropsonde.

3.9 Particle Impaction on the Central Electrode

When taking measurements of the electrical conductivity with 

aircraft as the prime movers, many investigators have noted an offset 

current when no voltage was applied to the Gerdien condenser.
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Fitzgerald (1963) has warned that conductivity measurements require 

either that particles do not strike the sensitive electrode, or that 

impaction be negligible.

Impaction was first reported by Gish (1955) with respect to his 

flights over the Pacific and southwestern states. - He attributed the 

effect to haze and cloud droplets impinging on the central electrode of 

his Gerdien condenser. Gish stated that if solid particles impinge on 

the central electrode of two Gerdien tubes, one measuring positive and 

the other negative conductivity, the charge imparted to the electrodes 

will cause the apparent conductivity of one sign to fall. He suggested 

that one should have two sets of conductivity cells in aircraft measure

ments in order to recognize this effect.

Gish appeared to base his remarks about the apparent nonsyncro- 

nized increase and decrease of the polar conductivity on the fair weather 

assumption that

X_/X+ = 1.1 (3.20)

This would not be valid for all situations and thus a variation would be 

expected.

Kraakevik (1958) also noted this current offset on clear days in 

regions of turbulence, where solid particles such as dust also add to 

the effect of haze and cloud droplets. He mentioned the possibility of 

space charge producing the offset current, but this was rejected because 

the charge density obtained from measurement of the electric field 

gradient did not agree. The offset current was a function of aircraft
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speedj, with a maximum of 4-10 A» The only case of a negative offset 

current was when he flew through a cirrus cloud where the current was 

1-1000 times that measured for the conductivity itself<,

Wait (1956), in flights over the tops of thunderclouds, deter

mined that the offset current in his apparatus was caused by charged 

particle impaction and by charges created when water droplets broke up 

in the intake to the Gerdien condensero To remedy this effect. Wait 

placed a shield over the condenser air intake and stated that the 

streamlines were altered with a filter effect on the small ion popula

tion* But even with the shield in place. Wait felt that his measure

ments agreed with those obtained by Gish and Sherman9s balloon flight 

Explorer II„

Krasnopevtsev (1966) in his summer flights over the Ukraine, 

noted the effect of a current offset which he called zero current. He 

did not state that the value of the zero current was due to the contact 

potential in his cell; perhaps the contact potential was small enough 

with respect to the applied voltage that it could be disregarded. 

Krasnopevtsev obtained greater zero currents in regions of high aerosol 

concentration. As a rule, the highest values were recorded inside the 

exchange layer> in its lowest part where the dust content was the great

est. Sometimes he obtained, zero current in mist layers associated with 

temperature inversions.

Krasnopevtsev said the zero current was probably due to tribo- 

electrification of the central electrode by large aerosols, since he 

thought it was unlikely that large particles, even if they underwent
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considerable electrification^ could retain their charge long enough in a 

conducting atmosphere to cause the observed magnitude of offset current<> 

Barklie^ et ale (1958) attempted to compensate for particle im

paction by utilizing a Gerdien condenser in conjunction with a cylinder 

suspended beneath the aircraft„ He assumed the sampled volume contained 

uniformly distributed particles, and the output from the cylinder was 

subtracted from the Gerdien output signal«

It appears that the only technique of measuring the electrical 

conductivity under the condition of particle impaction is to rapidly 

vary the applied voltage to the condenser and utilize the differences in 

readings to calculate the conductivity» Alternately, one could reduce 

the applied voltage to zero, if the contact potential would not mask 

this effect.

3.10 Zero-Conductivity Value

The classical method of obtaining the zero-conductivity reading 

(Fleming, 1939) was to utilize a set of concentric rings in the inlet 

section of the condenser, and apply a sufficient voltage so that all the 

ions were swept out of the inhaled air volume. But this technique has

two sources of error. First is the introduction of turbulent flow into

the Gerdien condenser while measuring the polar conductivities. The 

small ion losses due to eddy diffusion result in a conductivity value 

that is less than what should be obtained. The second source of error 

arises from the applied voltage left on the condenser, which yields an 

offset current due to ions produced by radioactive material in the air

and on the surfaces of the condenser.
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Gunn (1965) used the classical ion trap technique to determine 

the zero conductivity» He probably used the technique to simplify the 

required recording instrumentation. Gunn recognized the turbulence 

problem, so he manually inserted the ion trap to record the zero con
ductivity value. The ion trap was inserted into the air intake every 

other day, which seemed adequate for his device.

Kraakevik (1958) thought that the ion trap technique would pro

vide a valid conductivity zero even in the presence of tribo-electric 
charging of the central electrode.

Investigators, especially those using aircraft and therefore 

unable to manually insert the ion trap, have attempted various tech

niques to measure the zero-conductivity value. The simplest method of 

determining the conductivity zero, when utilizing an electrometer volt

meter, is to short circuit the input resistor and measure the output 

signal magnitude. Voltage offsets in the electrometer circuitry are 

automatically eliminated with this method. If one were utilizing an 

electrometer ammeter, the corresponding technique would be to open 

circuit the input lead and measure the output magnitude. An equivalent 

test when using operational amplifier techniques would be to short cir

cuit the feedback resistor. The output signal, in this case, only 

yields the electronic effect.

Another method is to close the input port to the Gerdien conden

ser and cause the air velocity through the condenser to become zero.

This method is preferred over the first in the event of significant 

leakage current, as the first technique would not detect this leakage
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and would yield an erroneous zero value. The zero airflow value would 

result in a proportional decrease in current, for the same applied 

voltage and the recorded change in current would be proportional to 

the conductivity.

The third and best technique is to change the applied voltage 

and record the incremental change in output current. This method yields 

the most accurate determination of the conductivity and also provides 

the output component due to leakage and electronic offsets. The weak

ness of this technique is the necessity of making many measurements 

of the polar conductivities while moving rapidly through an environment 

that possesses a large conductivity gradient.

Figure 3.4 presents examples of current offsets in conductivity 

measurements.

3.11 Elec trometer

Usually small currents have been measured by the voltage measure

ment technique, where the voltage drop across a large resistor is used 

as the input signal. It can be shown, however, that by using the current 

measure technique, it is possible to reduce the large resistor's in

herent contribution of noise to the output signal.

The random thermal noise power developed by a resistor is given 

by Van der Ziel (1954).

Fn = 4Kb T Af (watts) (3.21)

where Kg is Boltzmann's constant, T is the resistor temperature in K°, an 

and Af is the band-width of the measurement in frequency cycles per
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(a) Input leakage resistance
i

(b) Tribo electric charging 
Figure 3.4. Types of Current Offset in Conductivity Measurements

(Kraakevik, 1957)
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second. Af is defined as twice the frequency range of the electrometer 

to the frequency where the output magnitude is 3 db lower than the mid
frequency response. The -3 db point is defined by

W-3db RrCr (3.22)ifVf

f-3db 6.28 RfCf (3.23)

Pn ' En/Rf = in<Rf> <3-24>

En = N/4 K BT A f R f (3.25)

= I ̂KBrAf (3.26)
Rf

1/2
En 06 kRf (3.27)

En a I n Rf (3-29)

It is seen that the thermal noise contribution is a function of 
lA'Rf for an eletrometer current measurement, whereas the noise contri

bution is directly proportional to n Rf for the electrometer voltage

measurement. Thus, when measuring currents on the order of (10)
-1amperes, a much better signal-to-noise ratio by a factor of Rf is 

achieved when utilizing the ammeter mode of measurement.



Chapter 4 

PREFERENCE GERDIEN CONDENSER

4ol Design

The reference Gerdien condenser. Fig. 4.1, was designed to pro

vide a continuous monitor on the diurnal variations of the polar conduc

tivities at the Atmospheric Electricity Laboratory, and to calibrate 

the dropsonde Gerdien condensers. Because of space limitations, the 

Gerdien condenser was vertically oriented. This orientation necessi

tated an elbow to duct the sampled air into the condenser. The elbow 

was fabricated from straight segments of tubing as the best approximation 

to a continuous curve. In all other features the reference Gerdien con

denser was designed in the conventional manner. Table 1 lists the 

specifications for the reference Gerdien condenser.

The velocity profiles inside the reference condenser. Fig. 4.2, 

were measured with a micro-miniature bead thermistor inserted through 

holes in the side of the tube. The calculated Reynolds8 number agreed 

well with the velocity profiles.

The reference condenser output current was measured with an 

electrometer ammeter. Fig. 4.3. The electrometer consisted of economy 

operational amplifiers and a feedback resistance of 10^ ohms in the 

first stage. Insulated gate field-effect transistors were used in the 

input stage to provide the necessary high impedance. The transistors 

were carefully matched to eliminate the temperature drift. The

54
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Figure 4.1. Reference Gerdlen Condenser
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Figure 4.2. Velocity Profile in Reference Gerdien Condenser.
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differential input stage was used to minimize the output variations 

resulting from power supply voltage surges. The transfer character
istic of the electrometer was determined by using a calibrated current 
source*

Table 1
REFERENCE GERDIEN CONDENSER SPECIFICATIONS

1» Effective capacitance

2. Stray capacitance

3. Contact potential

4 o ReynoId *s number

5. Small ion loss

a. Gas kinetic diffusion
1) Gormley and Kennedy
2) Dolezalek

bo Eddy diffusion 

6o Applied voltage

7 * Electrometer time constant

'111.6(10) ^  farads 

1(10) ^  farads 

-0.11 volts 

3750

0,6%
0.7%

5%

15 volts 

0,62 seconds

4.2 Operation

A 24 hour sample of the total conductivity. Fig. 4.4 at the 
laboratory agrees with the accepted fair weather diurnal variation.

The magnitude of the total conductivity also agrees with previous mea

surements. An important difference, however with previous results, is 
that the ratio of the positive to negative polar conductivity is less
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than unitye In fair weather the positive polar conductivity is expected 

to dominate due to the ^electrode" effect.

The predominance of the negative polar conductivity is thought 

to arise from the location of the apparatus* The Atmospheric Electricity 

Laboratory is located in the middle of a city in a semi-desert region at 

an elevation of 2600 feet* Crosier (1965) has determined that the dust 

is mainly negatively charged* Thus the semi-desert would tend to have 

a larger negative conductivity at the surface. This effect is also seen 

in the magnitude and variation of the offset current. The offset cur
rent is due to negative charge. Using the average air flow rate, the . 

cross-section of the central electrode, the magnitude of the offset cur

rent, and assuming singularly charged particles, the calculation of ion
4 3densities would yield an average charge density of about 8(10) ion/cm
3

The accepted value for negative ion density is only about 5(10) • there

fore it can be assumed that tribo-electric charging by dust particles 

caused the large offset current.

Kraakevik (1958) stated that conductivity measurements made in 

Kansas showed a large offset current due to tribo-electric charging,

especially when dust was prevalent and turbulence was high. • He went on
X+to say that Pluvinage8s measurements in Greenland with large ™  ratios 

which had been attributed to the electrode effect.were in reality due 
to tribo-electric charging from snow or dust particles.

To verify the above unusual data, the reference Gerdien con

denser was taken to the Mount Lemmon Lightning Observatory. Measure
ments' were taken for a 20 hour interval. The diurnal variation agreed '
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with measurements performed at the Tucson site. These measurements 

showed a positive to negative polar conductivity ratio greater than 

unity. The ratio of the positive polar conductivity on the mountain to 

that at the laboratory was about 2.5, whereas the negative polar con

ductivity ratio was about 1.1. The increase in positive polar conduc

tivity is attributed to the increase in the electrode effect due to an 

increased fair weather electric field experienced on the mountain at 

9,200 feet.

Jonassen and Wikening (1965) in their measurements at Socorro, 

New Mexico, also measured an increase in the average positive conductiv

ity on a mountain top. The value at the mountain site, elevation 10,640 

feet, was 3.2 times the value at their laboratory, elevation 4620 feet. 

They found that the average negative conductivity was practically the 

same at both locations. But the measurements at their laboratory were 

carried out inside a masonry building which would tend to mask any ex

ternal meteorological variations.



Chapter 5 

DROPSONDE GERDIEN CONDENSER

5.1 Design
The primary consideration in the design of the dropsonde Ger- 

dien condenser, Fig. 5.1, was that it had to operate in a region of the 

atmosphere characterized by high and rapidly changing electric fields. 

Therefore, the central electrode had to be electrostatically shielded 

to eliminate or heavily attenuate the possible error introduced by dis

placement currents. Any attempt at electrostatic shielding introduces 

turbulence with eddy diffusion increasing the small ion loss. Thus 

the final design had to be a compromise between sufficient shielding 

and minimal ion losses. Another important consideration was that the 

dropsonde. Fig. 5.2, had to be compatible with the available delivery 

system. This required the awkward attachment of the conductivity probe 

to the bottom of the electrometer container.

The Gerdien condenser was situated in the middle of the probe 

to provide electrostatic shielding. The central electrode was a brass 

rod connected to an aluminum support by a teflon insulator. The insu

lator was machined to provide the maximum surface area to minimize 

leakage. A section of miniature coaxial conductor connected the cen

tral electrode to the electrometer. The condenser’s outer cylinder was 

supported by two macarta spacer sleeves which also insulated that elec

trode from the grounded probe cylinder.
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Figure 5.1. Dropsonde Gerdien Condenser Probe
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Figure 5.2. Conductivity Dropsonde
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To provide electrostatic shielding for the central electrode a 

3/8" wire screen was woven across the probe air intake« A second wire 

screen was located 1/2" inside the probe with its axis rotated 45° from 
the first grid. At the probe air exit a copper screen was placed over 

the vents. To aid in the development of stable air flow through the 

condenser, an aluminum cone was placed around the central electrode sup

port rod to duct the air through the vents. Then an aluminum flange 

was placed over the air vents, parallel to the inner aluminum cone, pro

viding additional shielding and aiding in the maintenance of a steady 

air flow through the condenser.

Voltage was applied to the electrode by another coaxial lead 

from the voltage controller module in the electrometer section. The 

voltage controller module. Fig. 5.3, alternately applied the positive 

and negative voltage to the outer electrode. At five different heights 

determined by the ambient pressure, the applied voltage was set equal 

to zero. This provided information on the magnitude of the offset 

current as a function of altitude.

Assuming a standard atmosphere and a small ion mobility at the
<=» 4surface of the earth as 1.8(10) MKS units, the ion mobility at 15

™3 •
kilometers becomes 1.13(10) MKS units. Using a fall velocity of 3.96 

m/sec., determined in dummy drops of the dropsonde, a critical voltage 

of 30.5 volts is obtained. Using Coroniti8s suggestion, the magnitude 

of the voltage applied to the condenser was 15 volts.

The electrometer used in the dropsonde was identical to the 

reference condenser electrometer except there was no provision to short 

out the feedback impedance. It was enclosed in a copper tube insulated
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by I11 of styrofoam* Thus the electrometer was well thermally and elec

trostatically shielded.

The electrometer section with the Gerdien condenser probe was 

slung beneath a modified U.S. Weather Bureau radiosonde. The radio

sonde housed the meterological sensors, the 9 volt battery, the voltage 

inverter. Fig. 5.4, the modulation encoder. Pig. 5.5, and the standard 

1680 MHZ transmitter. Meteorological sensors were a standard radiosonde

thermistor, hygristor, and barometer.

The thermistor was a ceramic rod to indicate the ambient temper

ature. For a ventilation speed of 5 meters/sec. the time constant of 

the thermistor was 3.5 seconds (Middleton,and Spilhaus, 1953). In the 

dropsonde the thermistor was left under the precipitation lid for pro

tection and the time constant was increased to about 0.5 minutes. 

Temperature was measured to relate the conductivity measurement to the 

location of the expected charge center. The thundercloud charge centers 

were modeled as a function of temperature.

The hygristor was a lithium chloride strip to indicate the am

bient relative humidity. For a ventilation rate of 5 meters/sec. the 

time constant of the sensor was less than 2 seconds (James Gill, Private 

conversation, U.S.W.B.). The relative humidity was.measured for two 

purposes. First it served as a first approximation indicator of the 

cloud boundaries. Secondly, the relative humidity has been related to 

the magnitude and behavior of the electrical conductivity (Dolezalek, 

1963).

The barometer consisted of an aneroid diaphragm with a contact 

arm and commutator. The commutator consisted of alternate conducting
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and insulating strips. The manufacturer of the radiosonde provides a 

pressure calibration for the various contacts of the commutator.

5.2 Environmental Testing

The effective capacitance of the dropsonde condenser was deter-

with the two screens in place.

The contact potential was -0.12 volts. This causes the term 

in the polar conductivity evaluation equation.

to be modified to (V^ - Vq ).

Using the above value of the small ion mobility at 15 km, the 

small ion loss by gas kinetic diffusion predicted for laminar flow by 

Gormley and Kennedy (1949) was calculated to be less than 0.55% of the 

incoming ions. Dolezalek's equation for an assumed d value of 1 mm, 

predicts a small ion loss of less than 2.5% nQ. Therefore, both equa

tions predict an ion loss which is quite negligible within the experi

mental accuracy of the measurement.

ion losses due to eddy diffusion and the intake shield amount to about 

18%. This becomes less with altitude to approximately 5% at 15 km,

minted to be 3.1(10) ^  farads. The stray capacitance was negligible

RC = €0/\ (5.1)

AVA (5.2)
^^-meas.

(5.3)

Under conditions characteristic of the lower atmosphere, the
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assuming a linear relationship to the Reynolds' number. Thus the final 

polar conductivity reduction equation has a worse case delta factor to 

account for the diffusional losses.

The average fall velocity of 4.2 m/sec. coupled with the atmos

pheric kinematic viscosity at the surface of the earth is 1.46(10) ^m^/ 

sec., and characteristic length of 1" for the condenser yields a Rey

nolds' number of 5.75(10)***. This surely is on the verge of turbulent

flow. But at an altitude of 15 kilometers the Reynolds' number is
3lo15(10) which should be approaching laminar flow. The velocity pro

file, Fig. 5.6(a), simulating operation near the surface of the earth, 

shows a profile nearly turbulent. Figure 5.6(b) shows operation at a 

Reynolds0 number for operation near 15 km, and indicates that the flow 

is approaching the laminar state. In both profiles, station #1 indi

cates turbulent eddies introduced by the intake grid wires. For the 

fflaminar*® case the eddies appear to have dissipated and disappeared by 

the time that the air parcel enters the Gerdien condenser. In the 

^turbulent*1 case the deformation is detectable, but the significant 

point is that the velocity profile at the entrance to the condenser 

is identical to the exit profile, within the accuracy of the measure

ment.

To evaluate the effect of an external electric field, the 

dropsonde was placed in the field cage. Fig. 5.7, and conductivity 

measurements were made under different conditions» First the conduc

tivity variation as a function of the electric field was determined.

This showed that up to a field strength of approximately 13 kv/m the
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Figure 5.6. Velocity Profiles in Dropsonde Gerdien Condenser
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Figure 5.7. Electric Field Cage
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measurement was unaltered by the field, but at field strengths of

about 15«5 kv/m the signal began to fluctuate, indicating that corona

discharge from the bottom of the cage was altering the ambient polar
-13conductivity. A displacement current of about 3(10) amperes was 

measured for an electric field change from 13 kilovolts/meter to 0 v/m 

in approximately 0.5 seconds. When the relative humidity was increased 

in the cage, a decrease in both polar conductivities was noted. Gunn 

(1964) noted an average decrease of 19% and we noted an average decrease 

of 10%. The temperature and the relative humidity in the vicinity of 

the probe was monitored with regular radiosonde sensors attached to the 

probe and monitored externally. These tests for the limited fields that 

could be applied, showed no significant decrease in the measured con

ductivity. But the test was performed only up to an air flow velocity 

to drift velocity ratio of about 2.2.

As a final calibration procedure, the dropsonde was aspirated in 

the immediate vicinity of the reference condenser intake so that both 

devices sampled the same volume of air. Polar conductivity reading 

were made with both condensers and the offset constant output value was 

determined by comparison of the two output values, with the dropsonde 

output value adjusted to equal the reference condenser.

The pressure,<temperature, and relative humidity sensors were 

calibrated at the U.S.W.B. station prior to a flight.



5 o 3 Telemetry

Data was transmitted by pulse~duration~modulation of the radio

sonde transmitter. The pressure commutator alternately selected the 

electrometer output or the meteorological variables. The meteorological 

channel consisted of a mono-stable multivibrator which sequentially con

nected the temperature sensor and the relative humidity sensor for the 

duration of the pressure interval. At selected intervals a reference 

signal was transmitted to indicate the significant pressure levels.

The U. S. Weather Bureau GMD-1A radio-theodolite at Tucson Inter

national Airport tracked the movement of the dropsonde. The signal in- ' 

formation was printed out by a servo chart recorder with an auxiliary 

printer providing the elevation and azimuth angle of the dropsonde at 

one-tenth minute intervals,

5,4 Dropsonde Flights 

5.4.1 No. 673

Dropsonde 673 was launched 10:31 A.M. July 26, 1967 from the 

University of Arizona Lightning Facility located at the U.S.C.G.S 

Magnetic Observatory east of Tucson, The dropsonde was lifted by a 300 

gram balloon at an average ascent rate of 300 meters/minute to an alti

tude of 11.76 kilometers and released by a pressure actuated switch.

This dropsonde was identical with those designed for the aircraft ejec

tion except for an aluminum flange around the air intake required by 

Federal Aviation Agency Air-Space regulations.

At the time of launch the cloud cover was 9/10 to 10/10. A 

light rain fell at the launch site about 20 minutes after lift-off.
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The electric field records showed 3 changes in the polarity with maximum 

values of about 500 v/m. This is indicative of electrically active 

clouds in the vicinity of the launch area. Also noted on the field mill 

record were frequent discharges during the last 30 minutes of the flight.

Figure 5.8 shows the records of the ascent. Ascent records are 

presented as the ratio of the polar conductivities under the following 

assumptions:

1. Charging of the balloon did not affect the relative values of the 

conductivity since it was about 35 meters above the dropsonde train.

2. There was no preferential small ion loss when entering the Gerdien 

condenser through the air vent screen.

3. Negligible oscillation of the dropsonde train occurred to insure 

operation of the Gerdien condenser in the Ohmic region.

4c No charged particles entered the probe leaving a constant offset 

voltage throughout the flight.

Figure 5.9 shows the temperature^ relative humidity and polar 

conductivities as a function of altitude for the descent.

5.4.2 Number 676

Dropsonde 676 was launched 12:31 P.M. 8/14/67 from the Univer

sity Lightning Facility. This dropsonde was lifted by two 300 gram 

balloons to an altitude of 14.75 kilometers„ At the time of launch and 

throughout the flight the cloud cover was much less than 1/10. Elec

tric field records indicate a typical fair weather magnitude of 50 v/m. 

Results of the ascent and descent are shown in Fig. 5.10 and Fig. 5.11 

respectively/
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5.4.3 Number 677

Dropsonde 677 was launched 11:12 A.M. 8/30/67 from the Univer

sity Lightning facility. This dropsonde was lifted by two 300 gram 

balloons to an altitude of 14.75 kilometers. At the time of launch 

and throughout the flight the cloud cover was zero. Results of the 

ascent and the descent are shown in Fig. 5.12 and Fig. 5.13, respective-

5.4.4 Number 670

Dropsonde 670 was ejected from the aircraft into a fair-weather 

cumulus cloud at 7:45 P.M. September 2, 1967. The telemetry trans

mission ceased upon ejection of the dropsonde with the subsequent loss 

of data,

5.4.5 Number 672

Dropsonde 672 was ejected from the aircraft into a cumulonimbus 

cloud at 4:25 P.M., September 7, 1967. The cloud was penetrated at

29,000 feet with the top estimated at about 30,000 feet. The modula

tion ceased at ejection, but the transmitter continued to operate and 

the dropsonde was tracked to impact. Again no data was obtained.

5.4.6 Number 674

Dropsonde 674 was ejected from the aircraft at an altitude of 

30,200 feet into a cumulonimbus cloud at 3:32 P.M., September 9, 1967. 

The pilot reported little turbulence and only a weak updraft. During 

penetration of the cloud by the aircraft, super-cooled water was en

countered, The cloud top was estimated at 33,000 feet. Figure 5.14 

shows the records of the descent.
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5.4.7 Number 678

Dropsonde 678 was ejected from the aircraft at an altitude of

31,000 feet into a cumulonimbus cloud at 3:01 P.M., September 10, 1967. 

The pilot reported a very strong updraft accompanied by severe tur

bulence and much super-cooled water. Six sharp strokes of lightning 

were observed after the dropsonde was ejected.

Figure 5.15 shows the records of the descent.
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Chapter 6 

FLIGHT RECORDS

6 0 1 Analysis of Records

The U p S. Weather Bureau RAOB data for the afternoon of the 

specific flight provided a reference profile of the pressure<, tempera- 

ture, and relative humidity as a function of altitude* Dropsonde 

meteorological telemetry data was evaluated by standard Weather Bureau 

techniques* The polar conductivity data was evaluated by use of cali

bration curves and the specific dropsonde electrical characteristics»

6 * 2 673 Ascent

The most interesting feature of this flight was the increase 

in the relative value of the positive polar conductivity in a region 

of high relative humidity* This occurred at a temperature of about 

~22°C» Since the average temperature around the positive charge cen

ter of the model thundercloud^ Fig* 6.1, is about -25°C, it might be 

possible that the dropsonde passed up through the developing positive 

charge center. The ratios of the polar conductivities inside the cloud 

to that outside the cloud were approximately equal. However, the rela

tive magnitude of both conductivities began to increase before the top 

of the cloud was penetrated.

At an altitude of about 5*5 kilometers large fluctuations in 

the relative polar conductivities were noted. This occurred at a 

temperature of 0°C. These fluctuations might have been caused by small

87
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Figure 6.1. Model Thundercloud, Kuettner (1958).
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particles impacting on the central electrode. The particles would have 

had to be smaller than 0.066 inches in diameter to pass through the 

screen on the air vent.

Using the time that rain fell at the launch site and assuming 

an average fall velocity of 1 meter/second for light rain, one would 

expect to encounter precipitation elements at an altitude of about 1 , 2  

kilometers. Apparently the balloon train was vertically oriented and 

shielded by the balloon because no fluctuations were experienced in this 

region.

No significant increase in the positive charge density, as re

flected by an enhanced conductivity volue, was found near the peak 

altitude of 11.75 kilometers, this does not agree with Takahashi (1965). 

The height and depth of the positive charge layer might vary between 

continents with the possibility that the dropsonde did not reach a suf

ficient altitude to detect the layer.

Non-continuous values of polar conductivity were due to an 

inoperative voltage controller module. Post-flight analysis indicated 

a weak battery was the probably cause of the voltage controller module 

failure.

6.3 673 Descent

The descent was characterized by rapid fluctuations in both 

polar conductivities. These rapid fluctuations could be explained in 

terms of pockets of high ion density or particle impaction. A subse

quent flight (677) which descended at a slower rate also showed the
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rapid fluctuations in both polar conductivities, so the measurement 

was probably valid.

No reduction in the magnitude of either polar conductivity 

was experienced when the dropsohde was xinside the cloud„ Regions of 

enhanced conductivity were located where the theoretical charge centers 

are expected. Peak values, positive and negative, of the polar con

ductivity measured were about 2 (1 0 ) ^  mho/meter*

The last kilometer of the flight was disregarded because of the 

poor telemetry signal,

6,4 676 Ascent

The relative polar conductivity values showed the expected fair 

weather increase with altitude. At an altitude of 2,8 kilometers the 

relative positive polar conductivity indicated the top of the exchange 

layer. The relative negative conductivity did not begin to increase 

until an altitude of about 3.5 kilometers. This non-synchronous be

havior of the relative polar conductivities appeared again at a haze 

layer located at about 9,5 kilometers. The relative positive conduc

tivity began to decrease and reached its minimum value about 0,55 kilom

eters before the relative negative conductivity, From consideration of 

the ion mobility difference^ one would expect the relative negative con

ductivity to be more sensitive to the presence of nuclei.

The curious anomaly of the ascent was that the negative con

ductivity was larger than the positive conductivity within the exchange 

layer. One would expect the more mobile negative ions to diffuse onto 

nuclei and correspondingly decrease the magnitude of the negative polar
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conductivity. Perhaps the semi-desert environment with a high density 

of negatively charged dust particles counterbalanced the mobility 

variation to yield a higher negative polar conductivity,

Sagalyn and Faucher (1955) reported a transition region at the 

top of the exchange layer where the total conductivity increased yet 

the positive ion density decreased. Perhaps the measurement by flight 

676 reflects the same conditions as Sagalyn9s measurements,

6,5 676 Descent

Above 10 kilometers the measured values of the polar conductiv

ity were less than the theoretically predicted values. The theoretical 

curve,, however, is based on cosmic ray data taken at N41° magnetic 

latitude and Tucson is south of that latitude. This would allow a small 

correction to bring the values closer to the theorized value. The 

presence of large ions in the atmosphere would also decrease the mea

sured value from the theoretically predicted value,

Takahashi*s predicted region of positive space charge was not

detected on this flight even though the positive polar conductivity

was measured from 12,6 to 2,7 kilometers, A relatively sharp decrease 

in the positive conductivity was noted between 1 2 , 6 and 1 2 kilometers, 

but due to a lack of data above 1 2 , 6 kilometers it is difficult to 

interpret the significance of the fluctuation. The fluctuation could 

have been the type previously noted by Ratakeyama^ et al,, (1958) in

the region of the tropopause.

The top of the exchange layer was detected by the positive con

ductivity measurement at an altitude of about 3,2 kilometers.
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The telemetry data during the descent was received until an 

altitude of about 2,75 kilometers» Post-flight analysis indicated a 

weak battery was responsible for the spurious signal received below 

2.75 kilometers.

6 * 6  677 Ascent

The relative positive conductivity indiated the top of the 

exchange layer at 3.2 kilometers. The ratio of the relative polar 

conductivities, within experimental error, was about 1 . 0 from 3 . 2  

kilometers to the peak altitude of 14,75 kilometers.

No negative conductivity values were measured within the ex- 

change layer to correlate with the 676 ascent which might have been a 

fair weather anomaly.

6*7 677 Descent

The sensitivity of this dropsonde produced the most reliable 

fair-weather data, although the instrument saturated at 13.3 kilometers 

and up to the peak altitude of 14.5 kilometers. An apparent haze layer 

about 0.5 kilometers thick was detected at 11.3 kilometers. Again at

7.3 kilometers a haze layer was noted on both polar conductivities. 

Curiously, the positive polar conductivity decreased at the boundary 

and then continued to increase in the expected manner inside the layer. 

Assuming that the noted decrease in both polar conductivities indicated 

the haze layer boundary, the positive conductivity was normal inside. 

This haze layer was later confirmed at a briefing by the pilot of the 

chase aircraft. The top of the exchange layer as detected by the
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positive polar conductivity was 3.3 kilometers. This agreed quite well 

with the ascent data.

The sign of the measured polarity changed at 7,5 kilometers 

with the ratio of the negative to positive polarity being 1 ,2 ,

6 » 8  674 Descent

This dropsonde was placed into a cloud that had been penetrated 

by an electric field dropsonde 15 minutes earlier. From the elevation 

and azimuth data it was determined that both dropsondes effectively 

penetrated the same cloud within 4 kilometers of each other. Figure 6,2 

shows the record of the electric field dropsonde flight. During the 

duration of the 674 flight a positive 15 volts was applied to the outer 

electrode of the Gerdien condenser except at the calibrate intervals.

Upon ejection a negative charge region was entered. The density 

of the charge was great enough to cause a net negative current to flow 

to the central electrode. The vertical extent of the negative charge 

region was about 150 to 200 meters» This negative charge could be a 

result of the screening layer at the cloud boundary as proposed by Eden 

and Vonnegut (1967). At the lower boundary of this region the charge 

became positive and of sufficient magnitude to cause an apparent limita

tion of the electrometer output voltage. This limitation was a result 

of the chart-recorder dynamic response which caused a pseudo-saturation 

characteristic to be presented on the chart paper. The electrometer 

output remained limited until an altitude of 5,7 kilometers except for 

three excursions. Again due to recorder limitations these excursions 

were noted only after a pressure reference signal. The positive polar
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conductivity was calculated by using the value of the calibrate signal

as the magnitude of the current offset. The value at 8.5 kilometers

was greater than 9(10) mho/meter again at 6*3 kilometers the value

was about 8,5(10) ^  mho/meter. Then at 6,1 kilometers the conductivity 
-14was 3(10) mho/meter. At an altitude of 5,5 kilometers the conductiv

ity went to about 2(10) ^  mho/meter. During the transition from the 

limited value region to the lower value, the relative humidity was de?» 

creasing to a minimum of about 72%. The temperature at the relative 

humidity minimum was -10°C. Then a large negative charge center was en

countered. The negative charge density was again sufficient to cause 

limitation of the electrometer output voltage in the negative direction. 

The maximum negative charge was located around the -5°C level.

At an altitude of 2.1 kilometers the electrometer output voltage 

went to zero and made random positive and negative excursions until the 

telemetry signal was lost at 1 . 5 kilometers.

Of considerable interest was the electric field data of drop- 

sonde 03 8  which had been ejected at a lower altitude than 674. 038

was ejected well into the updraft region of the cloud as was shown by 

the elevation angle data. The electric field varied on the descent un

til an altitude of 6 . 8  kilometers where the magnitude went to about 1 0  

volt/meter. The electric field strength did not change until an alti

tude of 6 . 1 kilometers where again the usual fluctuations were noted.

The constant low value of the electric field was of significant 

interest because it occurred in an updraft region about where 674 had 

shown a decrease in the relative humidity. Dropsonde 674 showed that
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the region of decreased relative humidity was between the two charge 

centerso

The decrease in relative humidity between about the ~ 6 and «12°C 

levels might give an insight into the thundercloud electrification pro

cesses. A decrease in the relative humidity indicates a decrease in the 

amount of water vapor present in the cloud. Fleagle and Businger (1963) 

present a likely process that would explain the behavior of the relative 

humidity. They consider a cloud composed of super-cooled water droplets 

where the vapor pressure of the air in the cloud is perhaps within 0 .1% 

of the vapor pressure of the droplets. A few ice crystals are formed in 

this cloud and due to.their decreased vapor pressure, the ice crystals 

grow rapidly, depleting the water vapor in the cloud. The super-cooled 

droplets would not be in equilibrium any longer and would evaporate to 

restore the water vapor in the cloud. The difference in equilibrium 

vapor pressure between ice and water at the same temperature, is the 

greatest at -12°C and this is about where the depression of the relative 

humidity was experienced.

Byers (1965) reported measurements which confirm that in a 

cumulus cloud of the summer type, the initial growth of precipitation 

size particles can easily be accomplished in the all-liquid state.

Small growing rain drops suspended in the updraft freeze at about the 

-5 to -10°C level. Apparently they splinter because Byers found that 

the number of ice pellets exceeded the drops of drizzle size or larger 

coming from below. Thus, Mason’s (1965) charge generation theory
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might be important to the electrification of the semi-desert thunder- 

cloud, because the relative humidity depression was usually found in 

or immediately below a large updraft.

6 0 9 678 Descent

This dropsonde was ejected into a cloud that had been penetrated 

by an electric field dropsonde 32 minutes earlier. It was determined 

that both dropsondes passed through the same cloud within about 7 kilom

eters of each other. Figure 6.3 shows the record of the electric field 

dropsonde, 050, flight. During the duration of the 678 flight zero 

volts was applied to the outer electrode of the Gerdien condenser.

Inconsistent and random fluctuations of an impulse like nature 

were noted at about five different altitudes. There was no correlation 

with the temperature or the relative humidity. Perhaps the impulses 

were due to a poor telemetry link with the dropsonde.

A gradual decrease in the relative humidity occurred at a 

temperature of -1 2 .5°C. This decrease was from about 8 8 % to 52% and 

then increased to 1 0 0%.

Electric field dropsonde 0 5 0  showed expected fluctuations until 

an altitude of 6 . 7 kilometers where the trend of a parabolic like de

pression of the electric field strength began. At an altitude of about 

5.8 kilometers the response began to follow its usual trends. The de

crease in the electric field strength occurred below the altitude where 

the relative humidity minimum was noted, but due to the time lag be

tween measurements both events might be related to the same phenomena.
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Chapter 7 

RESULTS AND CONCLUSIONS

7.1 Fair Weather Profiles

Profiles of the ascents expressed in the relative magnitudes 

of the polar conductivity agreed with the expected conductivity ratio 

in the atmosphere as being about 1.0* Curtis and Hyland (1958) as

signed a ratio of negative to positive polar conductivity as 1 . 1 up 

to an altitude of 5 kilometers. Krasnopevtsev (1966) found that the 

average ratio depended upon altitudewith the ratio being 0.5 at 

altitudes less than 3 kilometers and about 1.1 at higher altitudes.

Descent measurements agreed with previous measurements. One 

measurement apparently reflected the significant increase in polar 

conductivity at the stratosphere as previously measured by Hatakeyama^ 

et al., (1958). The shape of the profiles agreed well with the theoret

ical distribution. Tucson is located at a magnetic latitude of 39°N 

and this would cause the measurements to agree with the theoretical 

distribution even better.

The top of the exchange layer was detected at altitudes be

tween 2.8 and 3.3 kilometers. Uchikawa (1961) measured the top of the 

exchange layer and found that it varied between 700 and 3600 meters 

over a year of'measurements.

99



7e2 Thundercloud Measurements

On the basis of the few dropsonde flights through cumulonimbus 

clouds the preliminary results tend to indicate an enhanced electrical 

conductivity in the cloud system* Israel (1957) reported the results 

of Rossmann^ who measured the electrical conductivity and electric field 

near and in developing cumulus clouds with instruments aboard a glider* 

Rossmann obtained conductivity values many times greater than the fair 

weather value. If there is an enhanced electrical conductivity within 

the thundercloud^ many charge generation theories will need to be 

critically reviewed,

A consistent temporary depression of the relative humidity from 

about 1 0 0% to about 60% which occurs in the -5 to ~1 2 °C region of the 

cloud might be explained in terms of ice splintering. The location of 

the ice splintering could cause it to play a dominant role in the elec
trification of the thundercloud,

7,3 Summary

A reference Gerdien condenser was operated to continually moni

tor the polar conductivities at the Atmospheric Electricity Laboratory, 

The unusual values of polar conductivity measured are explained in terms 

of the instrument * s environment, Dropsondes were designed and evaluated 

for measurement of polar conductivities in thundercloud air systems.

With the use of an electric field cage the operation of the dropsonde 

in a region of enhanced electrical activity was evaluated.

Two vertical profiles of the fair weather polar conductivities 

were measured to establish a reference profile for evaluation of
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thundercloud measurements» The fair weather profiles agreed well with a 
theoretical profile which assumes only cosmic ray ionization and a large 

ion density of zero.

Six dropsondes were dropped into cumulonimbus clouds» Three sue™ 

cessful measurements in the thundercloud air system were made. Two drop

sondes were ejected from the aircraft and the other was released from a 

balloon,

7.4 Further Studies

Simultaneous measurement of the electric fields the electrical 

conductivity, and the three meteorological parameters would provide a 

significant increase in reliable data. If it is necessary to use two 

types of dropsondes, they should effectively follow each other through 

the cloud with closer control of the ejection point.

A large percentage of the problems encountered during the program 

were traced to insufficient battery capacity. Development of a new power 

pack would also increase the reliability of the dropsonde operation.

Redesign of the modulation encoder to allow faster sampling of 

the variables would increase the data points gathered while penetrating 

the thundercloud. The reliability of the data would be improved by the 

faster sampling rate.

The voltage applied to the Gerdien condenser should be alternate

ly swept with a positive and negative ramp function. This technique 

should insure a detectable signal over a wider range of conductivity 

values. If the magnitude of the applied voltage was sufficient, the 

relative polar ion densities could also be measured *



7«5 Conclusion
On the basis of the limited measurements made, it might be .in

ferred that the magnitude of the electrical conductivity inside a 

thundercloud is greater than the fair weather value at the specific 

altitude.

The charge generation and separation takes place near the -5 to 

~10°C region and in a strong updraft. The splintering of ice crystals, 

that are apparently present in a large amount, plays an important role 

in the electrification of a semi-desert thundercloud.



LIST OF REFERENCES

Barklie, R, H. D., Whitlock, W., and Haberfield, C., Observations on the 
Reactions Between Small Ions and a) Cloud Droplets and b) Aitken 
Nuclei. Recent Advances in Atmospheric Electricity, ed. L. G. 
Smith (Pergamon Press, New York, 1958).

Bourdeau, R. E„., Whipple, E. C„, Jr., and Clark, J. F., Analytic and Ex
perimental Electrical Conductivity Between the Stratosphere and 
the Ionosphere, Journal of Geophysical Research. 64(10). 1363- 
1370, 1959.

Byers, H. R., The Relation of Lightning and Thunderstorms to Meteorolog
ical Conditions, Problems of Atmospheric and Space Electricity, 
ed. S. C. Coroniti, (Elsevier Pub. Co., Amsterdam, London,
New York, 1965).

Callahan, R. C., Coroniti, S. C., Parziale, A. J., and Patten, R.,
Electrical Conductivity of Air in the Troposphere, Journal of 
Geophysical Research. 54(4). 545-551, 1951.

Chalmers, J. Alan, Atmospheric Electricity. (Pergamon Press, Macmillan 
Co., New York, 1957).

Chalmers, J, Alan, On the Conductivity of the Air in Thunderstorms, 
Journal of Geophysical Research, 69(2)„ 357-359, 1964.

Cole, R. K., Jr., and Pierce, E. T., Electrification in the Earth's
Atmosphere for Altitudes Between 0 and 100 Kilometers, Journal 
of Geophysical Research, 70(12), 2735-2749, 1965.

Coroniti, S. C., Parziale, A. J., Callahan, R. C., and Patten, R.,
Effect of Aircraft Charge on Airborne Conductivity Measurements, 
Journal of Geophysical Research, 57(2), 197-205, 1952.

Coroniti, S. C., Nazarek, A., Stergis, C. G., Kotas, D. E., Seymour,
D. W«, Werme, J. V., Balloon Borne Conductivity Meter,
Instrumentation for Geophysical Research, No. 3, U. S. Air 
Force Cambridge Research Center, 1954.

Crozier, W. D., Atmospheric Electrical Profiles Below Three Meters, 
Journal of Geophysical Research. 70(12). 2785-2792, 1965.

Curtis, H. ()., and Hyland, M. C., Aircraft Measurements of the Ratio of
Negative to Positive Conductivity. Recent Advances in Atmospheric 
Electricity, ed. L. G. Smith, (Pergamon Press, New York, 1958).

103



104
Daily, J. W., and Harleman, D. F., Fluid Dynamics, (Addison-Wesley Pub

lishing Co., Inc., Reading, Mass., 1966).

Dodge, R. A., and Thompson, M. J., Fluid Mechanics. (McGraw-Hill Book 
Co., Inc., 1937).

Dolezalek, H.,.Atmospheric Electric Fog Effect, Review of Geophysics.
1(2), 231-282, 1963.

Dolezalek, H., and Oster, A. 0,, Spectrometer for Atmospheric Ions in 
their Uppermost Range of Mobility, Final Report, Research and 
Advanced Development Division, AVCO Corp., 1965.

Eden, H. F., and Vonegut, B., The Effect of Screening Layers on Labora
tory and Natural Charged Clouds, Arthur D. Little, Inc.. Report. 
June, 1967.

Fitzgerald, D. R., Problems of Atmospheric Electricity Measurement
Techniques in Clouds, Problems of Atmospheric and Space Electri- 
city, ed. S. C. Coroniti, (Elsevier Pub. Co., Amsterdam, London, 
New York, 1963).

Fleagle, R. G., Businger, J. A., An Introduction to Atmospheric Physics. 
(Academic Press, New York, 1963).

Fleming, J. A., Physics of the Earth, VIII, Terrestrial Magnetism and 
Electricity. (McGraw-Hill Book Co., Inc., New York, 1939).

Freier, George, A Theoretical Study of the Conductivity of Air in 
Thunderstorms, Journal of Geophysical Research, 67(17)..
4941-4946, 1963.

Ganges, A. V., Jenkins, J. E., Jr., and Van Allen, J. A., The Cosmic- 
Ray Intensity Above the Atmosphere, Physical Review. 75(1).
57-69, 1949.

Gish, C. H., Atmospheric Electricity, Terrestrial Magnetism and Elec
tricity. ed. J. A. Fleming, (McGraw-Hill Book Co., New York, 1939).

- Gish, C. H., Discussion: Atmospheric Electrical Phenomena, Proceedings
on the Conference on Atmospheric Electricity, Geophysics Research 
Papers. No. 42, Air Force Cambridge Research Center, 1955.

Gormley, P. C., and Kennedy, M., Diffusion from a Stream Flowing Through 
a Cylindrical Tube, Proceedings of the Royal Irish Academy, 52A 
163-169, 1949.

Gunn, Ross, The Secular Increase of the World-Wide Fine Particle Pollu
tion, Journal of Atmospheric Science. 21(2), 168-181, 1964.



105
Gunn, Ross, Improved Apparatus for the Measurement of Atmospheric Elec

trical Conductivity, Review of Scientific Instruments, 36(5), - 
594-598, 1965.

Hatakeyama, H., Kobayashi, J», Kitaoka, T«, Uchikawa, A Radiosonde
Instrument for the Measurement of Atmospheric Electricity and 
Its Flight Results, Recent Advances in Atmospheric Electricity* 
ed» L» Go Smith, (Fergamon Press, New York, 1958), 119-135.

Hess, Victor F., Electrical Conductivity of the Atmosphere and Its
Causes 9 translated by L» W. Codd, (Van Nostrand Co., New York, 
1928).

Hewlitt, C. W., Investigation of Certain Causes Responsible for. Uncer
tainty in Measurements of Atmospheric Conductivity, by the 
Gerdien Conductivity Apparatus, Terrestrial Magnetism and Atmos
pheric Electricity, JL9(4), 219-233, 1914,

Kigali, K. A., and Chalmers, J, Alan, Measurements of Atmospheric Elec
trical Conductivity Near-the Ground, Journal of Atmospheric and 
Terrestrial Physics, 28, 327-330, 1966.

Hoppe1, Wo A., and Kraakevik, J. H», The Mobility of Tropospheric Ions
Above the Exchange Layer, Journal of Atmospheric Science9 22(5), 
509-517, 1965.

Israel, H., and Schultz, L., Mobility Spectrum of Atmospheric Ions,
Principles of Measurements and Results, Terrestrial Magnetism 
and Atmospheric Electricity* 38(4), 285*302, 1933.

Israel, H., Atmospharische Elektrizitatg Teil 1, (Akademische Verlags- 
gesellschaft Geest and Fortiz, Leipzig, 1957).

Johassen, Neils, and Wilkening, Marvin H., Conductivity and Concentra
tion of Small Ions in the Lower Atmosphere, Journal of Geo
physical Research, 20(4), 779-784, 1965.

Jones, 0. Ce, Maddever, R. S., Sanders, J. H., Radiosonde Measurement
of Vertical Electrical Field and Polar Conductivity, Journal of 
Scientific Instruments, 36, 24-28, 1959.

Junge, Christian E., Air Chemistry and Radioactivity, (Academic Press,
New York and London, 1963).

Kobayashi, J., and Kyozuka, M., On Specially Designed Radiosonde Used 
in Japan During the World Meteorological Intervals, and as a 
Programme of the International Geophysical Year, Part 2, 
Geophysical Magazine, 31(1), 195*236, 1960.



106

Komarov, N. N., Kuzmenko, M. D., Seredking, A. A., An Atmospheric Ion
Counter, Bulletin, Academy of Sciences, U.S.R., Geophysics Series. 
No. 12, 1216-1219, 1961.

Kraakevik, J. H., Electrical Conductivity and Current Density in the 
Troposphere, Thesis submitted to University of Maryland, 1957.

Kraakevik, J. H., The Airborne Measurement of Atmospheric Conductivity, 
Journal of Geophysical Research, 65(1) 161-169, 1958. ,

Krasnopevtsev, Y, V., Atmospheric Conductivity from Aircraft, BuMs'tlm 
Academy of Sciences, U.S.S.R., Atmospheric and Oceanic Physics.

■13,(6), 636-646, 1966.

Kuettner, J. P., The Formation of Electric Charges in Thunderstorms,
Atmospheric Explorations, ed., H. G. Houghton, (John Wiley and 
Sons, 1958).

Loeb, L. B., Fundamental Processes of Electrical Discharge in Gases,
(J. Wiley and Sons, Inc., New York, 1939).

Loeb, L. B., Basic Processes of Gaseous Electronics, (University of 
California Press, Berkley and Los Angeles, 1955).

Mason, B. J., Charge Generation in Thunderstorms, Problems of Atmos
pheric and Space Electricity, ed. S. C. Coroniti, (Elsevier Pub. 
Co., Amsterdam, London, New York, 1965), 239-259.

Middleton, W. E. IC., Spilhaus, A. F., Meteorological Instruments,
University of Toronto Press, Toronto, 1953).

Misaki, M., Determination of Air Flow in an Ion Chamber, Geophysics 
Magazine. 11(2), 348-355, 1960.

Misaki, M., Studies on the Atmospheric Ion Spectrum, Papers in Meteor
ology and Geophysics, 12(4), 247-276, 1961.

Paltridge, G. W., Experimental Measurements of the Small-Ion Density and
Electrical Conductivity of the Stratosphere, Journal of Geophysical 
Research. 70(12), 2751-2761, 1965.

Paltridge, G. W„, Stratospheric Small Ion Density Measurements from a
High Altitude Jet Aircraft, Journal of Geophysical Research. 71(8), 
1945-1952.

Pedersen, A., Measurements of Ion Concentration in the D-Region of the 
Ionosphere with a Gerdien Condenser Rocket Probe, Tellus, 17(1). 
2-45, 1965,



107

Phillips, B. B,, The Electrical Conductivity in Clouds and Thunderstorms, 
Transactions of American Geophysical Union. 48(1), 107, 1967.

Rohsenow, W. M„, and Choi, H. Y., Heat, Mass, and Momentum Transfer. 
(Prentice-Hall, Englewood Cliffs, New Jersey, 1961).

Runke, L. H., Cloud Detection Using Atmospheric Electrical Sensors,
Proceedings of the International Conference on Cloud Physics. 
(World Meteorological Organization), May 24 - June 1, 1965,
Tokyo and Sapporo.

Sagalyn, R. C., and Faucher, G. A., Aircraft Investigation of the Large 
Ion Content and Conductivity and Relation to Meteorological 
Factors, Journal of Atmospheric and Terrestrial Physics, j>(5/6), 
253-272, 1954.

Sagalyn, R. C. and Faucher, G. A., Aircraft Investigation of the Large 
Ion Content and Conductivity of the Atmosphere, Proceedings on 
the Conference on Atmospheric Electricity, ed. R, E. Holzer and 
W. E. Smith, (Geophysical Research Papers, No. 42,, U. S. Air 
Force Cambridge Research Center, 1955).

Smith, L. G., On Calibration of Conductivity Meters, Review of Scientific 
Instruments. 24, 998, 1953.

Stergis, C. G., Geophysics Research Paper, (U. S.) 26. 28, 1954.

Stergis, C. G., Coroniti, S. C., Nazarek, A., Kotas, D. E., Seymour,
D..W,, Wenne, J. V., Conductivity Measurements in the Strato
sphere, Journal of Atmospheric and Terrestrial Physics, Ja, 
233-242, 1955.

Swann, W. F. G., Theory of Electrical Dispersion into the Free Atmosphere 
with a Discussion of the Theory of the Gerdien Conductivity 
Apparatus, and of the Theory of Collection of Radioactive Deposit 
by a Charged Conductor, Terrestrial Magnetism and Atmospheric 
Electricity. 19(2), 81-92, 1914."

Takahashi, Tsutomi, Measurement of Electrical Charge in Thundercloud by 
Means of Radiosonde, Journal of the Meteorological Society of 
Japan, 43(4), 206-217, 1965.

Uchikawa, K., Atmospheric Electric Phenomena in the Upper Air over Japan, 
Part I, Geophysics Magazine, 30. 617-642, 1961.

Uchikawa, K., On the Improvement of the Atmospheric Electricity Radio
sonde, Geophysics Magazine, 31, 705-714, 1963.



108
U. S. Air Force Cambridge Research Center, Handbook of Geophysics, 

(MacMillan Co., New York, 1961).

Van der Ziel, A., Noise. (Prentice-Hall, New York, 1954).

Vonnegut, B., Discussion: The Thundercloud, Problems of Atmospheric and 
Space Electricity, ed. S. C. Coroniti, (Elsevier Pub. Co., 
Amsterdam, London, New York, 1963), 231.

Wait, G. P., Aircraft Measurement of Electric Charge Carried to Ground 
Through Thunderstorms, Thunderstorm Electricity, ed. H. R.
Byers, (University of Chicago Press, Chicago, 1956), p. 231-237.


