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ABSTRACT 

The Maxwell current density (J s), electric field (E), and 

positive and negative air conductivities were measured simultaneously 

under several thunderstorms at the NASA Kennedy Space Center (KSC), 

Florida, during the summer of 1981. The components of J m include 

displacement current as well as field-dependent (J s) and convection 

(Jc) currents. The measurements under active storms show that: 

(a) J m is usually dominated by displacement currents when E 

is close to zero, (b) J m is steady with time in the intervals 

between lightning discharges, (c) J m is usually not altered signi

ficantly by lightning, and (d) the average values of J m change slowly 

ove!" time scales that are comparable to those required for storm 

development. 

Field-mill data have been used to derive estimates of the 

time-average J m, J m, under a number of storms at KSC in the years 

1976-1978 and 1981. Maps of J m are consistent with the locations of 

radar echoes and lightning charges, and the patterns of J m develop and 

change shape slowly with time. Maximum values of J m for large 

storms are typically on the order of 10 to 15 na/m2, and those for 

small storms are 2 to 4 na/m2• 

Since J m is a solenoidal vector, area-integrals of the J m maps 

(I) on the ground provided at least a lower limit to the total storm 

current aloft. Maximum values of I for small convective storms al"e 

on the order of 0.1 to 0.5 A, and the maximum values for large stol"ms 

x 



xi 

are at least 3 to 5 times larger. Attempts to infer the location, 

magnitude, and geometry of the current sources aloft from the field

derived estimates of J m have been hampered by a 10-20 % variance in 

the values of J m These errors prevent a unique characterization of 

- ... -- .... ~ _ ..... , ... _-_ ...... 'thE! "cUrrent sources aloft unless other data can be included in the 

analysis. 

Polar conductivities have been found to be highly variable in 

a thunderstorm environm~nt, but the total conductivity often remains 

comparable to that found in fair weather. Conductivities derived from 

Maxwell current estimates of J e vs. E are about an order of magnitude 

larger than the direct measurements; therefore, the J e vs. E method of 

estimating a may not be valid. 



CHAPTER 1 

BACKGROUND 

1.1. Introduction 

Over the years, many investigators have described the overall 

electrical structure of a thunderstorm in terms of relatively 

stationary volumes of cloud charge with a region of diffuse positive 

charge above a more concentrated negative charge (Wilson, 1920; 

Simpson and Scrase, 1937; Simpson and Robinson, 1941). When a 

thunderstorm is producing lightning, however, this concept must be 

modified because whenever a lightning flash occurs, the cloud charge 

distribution undergoes large changes as a result of the discharge. 

The changes in the cloud charge distribution produce large changes in 

the cloud electric field, and in between lightning flashes, the cloud 

field usually recovers back to a value close to the predischarge 

field. Clearly, if the cloud electric field is not steady either when 

there is lightning or in between flashes, then the cloud charges that 

produce this field cannot be steady. 

Several authors have attempted to investigate the generation 

of electricity within thunderclouds by measuring the field recovery 

betwen lightning flashes. Wilson (1920), for example, found that 

recoveries tended to be exponential, and he interpreted this behavior 

in terms of a constant cloud current that was balanced by a 

dissipation or leakage current that was proportional to the cloud 

1 
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electric field. Unfortunately, later investigators found that the 

shapes of field recoveries were highly variable, espe9ially close to 

the storm (Wormell, 1939; Smith, 1958; Malan, 1965; Michnowski, 1969), 

and more sophisticated theories were developed (Tamura, 1954; Frier, 

1962). In the early 1970's, Illingworth (1971,1972) and Michnowski 

(1973) developed more mathematically complete time-dependent 

numerical modoels that describe the behavior of lightning field 

recoveries at large distances from the storm. These authors found 

that the recoveries at large distances are dominated by the 

rearrangement of space charge outside the cloud rather than by the 

characteristics of the cloud generator. Illingworth also concluded 

that the recovery curves of close flashes were too irregular to be of 

any use in studying storm electrification. 

At this point it should be noted that even if there were a 

model that related the cloud electric field to the characteristics of 

the thunderstorm generator, the model would be very difficult to test 

because, in practice, measurements of the cloud field are very 

sensitive to the production and accumulation of space charge near the 

ground, to the accumulation and advection of space charge at or near 

the cloud boundaries, and to changes in the conductivity of atmosphere 

within and outside the cloud. 

Holzer and Saxon (1952), Kasemir (1965), Anderson and Freier 

(1969), and others have attempted to model the thundercloud as a 

quasi-steady current source imbedded in a finitely conducting 

atmosphere, this choice of generator being motivated by the early 

recovery curve interpretations. These and similar models can be used 
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to predict the behavior of the cloud electric field under steady 

conditions, but because the natural fields are rarely steady, it has 

not been possible to test these theories. Thus far, no analytic 

models have been developed that describe the behavior of the cloud 

electric field in the presence of both lightning and a conducting 

atmosphere, although some features have been simulated by numerical 

mode 1s (Nisbet, 1984). 

In 1982, Krider and Musser pointed out that the Maxwell 

current density is a physical quantity that offers many advantages for 

studying the electrical behavior of thunderstorms. To the best of our 

knowledge, this was the first suggestion that the Maxwell current 

might contai."1 important information about the characteristics of the 

thundercloud as a current source. In the following sections, we will 

review the basic definition of the Maxwell current density, some of 

its theoretical properties, and the goals of this investigation. 

1.2. Definitions 

One of the fundamental equations of electromagnetic theory 

due to Maxwell states that 

'iJ x H(x,y,z,t) = J(x,y,z,t) + aD(x,y,z,t)ldt , ( 1.1) 

where H is the magnetic field, J is the electric current density 

produced by the motion of free charges, and aDldt is the displacement 

current density (Stratton, 1941). D is the electric displacement and, 

in the atmosphere, it is proportional to the electric field, D = e:oE, 
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where the dielectric constant Eo is very close to that of a vacuum 

(Eo = 8.85 x 10-12 F/m). We will call the sum of J plus aDlat the 

Maxwell current density, J m• Thus, at any point in space, 

( 1.2) 

Throughout this dissertation, we will follow the convention 

that the z-coordinate or height is positive in the upward direction; 

therefore, the vertical or z-component of the electric field is 

positive when a positive charge experiences an upward-directed force. 

Correspondingly, the vertical component of a current (or a current 

density) will be positive if a positive charge is moving upward or if a 

negative charge is moving downward. 

During a thunderstorm, it will be convenient to divide J into 

three components: (i) a field-dependent current density, J e; (li) a 

convection current density, J c; and (iii) a lightning current density, 

JR,. With these definitions, 

The field-dependent current density J e is due to the motion of charges 

caused by an ambient electric field. J e has a lineal" component due to 

ionic conduction that is usually described by Ohm's law, 

J e = a(x,y,z,t) E , (1.4 ) 
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where a is the air conductivity and in the lower atmosphere is a 

simple scalar. In addition, when the field is sufficiently large, J e 

may have nonlinear contributions from the production of ions by point 

discharge (corona) and/or from field-dependent ion attachment 

processes. An important characteristic of J e is that it always 

vanishes when E is zero. 

The convection current density J c is due to the mechanical 

transport of space charge by air motions and/or by precipitation. This 

space charge can be any net volume charge density. At the ground 

under thunderstorms, the convection current is highly variable in 

magnitude, sign, and duration. For example, the currents on 

precipitation can be as high as tens of nanoamperes per square meter 

in rain showers, and the currents on continuous rain usually range 

from 1 to 100 pa/m2 (Schonland, 1928; Stow, 1980; and Chauzy and 

Despiau, 1980). The largest convection currents occur during periods 

of heavy precipitation (Chalmers and Little, 1947; Schonland, 1928) and 

are usually due to a preponderance of drops charged to one polarity 

rather than to a difference in the peak charge or the mean charge of 

the drops of the opposite polarity (Stow, 1980; Chauzy and Despiau, 

1980). Turbulent transport and mechanical deposition of ions at the 

earth's surface can also contribute to the convection current at the 

ground, but Krider and Musser (1982) have shown that under most 

conditions these components of J c are probably less tha~ 0.5 na/m2• 

J R, represents the discontinuous transfer of charge by 

lightning and, by its very nature, is both highly localized and 

transient. In the intervals between lightning discharges, J R, is zero. 
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The displacement current density, aD/at, will be present 

whenever there is a time-varying electric field; and, at the surface of 

the earth, aD/at is almost entirely vertical. At the ground close to a 

thunderstorm, the principal sources of aDtat are the growth and 

rearrangement of charges within the thundercloud and the formation of 

space charge near the earth's surface. There are also contributions 

to aDI at from the rearrangement of space charge in the atmosphere 

outside the cloud that becomes increasingly important with distance. 

This external component tends to dominate the thundercloud beyond 

about 20 to 30 km (Illingworth, 1972; Michnowski, 1973). Values of 

displacement current density at the ground under active thunderstorms 

have been found to be on the order of tens of nanoamperes per square 

meter (Standler, 1980; Krider and Musser, 1982). 

1.3. Properties of J m 

If we take the divergence of both sides of Eq. (1.1), it is 

clear the J m is a solenoidal vector field, that is, 

(1.5) 

Physically, this expression is nothing more (or less) than the 

conservation of electric charge, i.e., since IJ eD = p, where P is the net 

volume charge density, Eq. (1.5) is equivalent to lJeJ + ap/at = O. By 

applying the divergence theorem to Eq. (1.5), we see that the total 

flux of J m through any closed surface at any given time must vanish, 

that is, 
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(1.6) 

or, in other words, all the lines of J m form closed loops. When a 

thundercloud is overhead, many of the lines of J m will close in the 

ground, and the geometry of the lines might be as sketched in Fig. 1.1. 

1.4. Approximations 

In the absence of lightning, or in the time intervals between 

lightning discharges, then JR, = 0 and the Maxwell current density 

becomes 

If E should ever be close to zero, then at this time J e ~ 0 and Eq. 

(1.7) becomes 

(1.8) 

Further, if aDlat is much greater than J c' then a simple approximation 

to J m becomes 

(1.9) 

This approximation was first pointed out by Krider and Musser (1982) 

and is important because it provides a method whereby, under certain 

conditions, the total Maxwell current density can be estimated from 

electric field measurements. 

It should be noted that we can estimate J c or J e from 

simultaneous measurements of J m and aDlat. For example, when E::::O, Eq. 
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(1.7) implies that 

(1.10) 

Also, if dc is negligible at any time, 

(1.11) 

Finally, when there is no lightning, 

( 1.12) 

an equation that is exact for all field and current values. 

1.5. Summa~ Krider and Musser (1982) 

Basically, Krider and Musser (1982) showed that the balloon 

observations of thunderstorm electric fields by Winn and Byerley 

(1975), Standler and Winn (1979), and Winn et al. (1980) can be 

interpreted in terms of a Maxwell current density that varies slowly 

with time in the interval between lightning discharges. The balloon 

data show that thunderstorm electric fields at altitudes of a few 

hundred meters and within thunderclouds tend to increase linearly with 

time between lightning discharges. At these times, the displacement 

currents are large and probably dominate the conduction and convection 

currents at these altitudes. Under these conditions, Eq. (1.9) is valid 

and the linear increase in E between lightning discharges means that 

aDI at = constant. This result, in turn, implies that the Maxwell 
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current density is quasi-steady or that 

(1.13) 

If J e or J c is not negligible, then Eq. (1.13) may not be valid; 

however, if Je is small and J c varies slowly with time, then Eq. (1.13) 

may still be a good approximation. 

Since all the important components of J m tend to be vertical 

between the surface and the few-hundred-meter altitudes of tethered 

ball9ons, the continuity equation (1.5) implies 

(1.14) 

Therefore, if J m is observed to be quasi-steady at the altitude of a 

tethered balloon, then J m should also be quasi-steady at the ground. 

If the Maxwell current is quasi-steady in the intervals 

between lightnings, then Eq. (1.9) can be used to estimate the value of 

J m whenever aD/at » J c and E::::O. Krider and Musser (1982) have used 

this method to estimate J m at several locations under a small Florida 

thunderstorm, and with these data they found evidence that the area

averaged Maxwell current density varied slowly throughout the life 

cycle of the storm. 

Krider and Musser also showed that a result first derived by 

Standler (1980), namely that the steady-state corona current density 

beneath a thunderstor'm is related to the slope of the field recovery 

at an earlier time when E::::O, can be derived by assuming a constant J m 
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and equating Eq. (1.7) at a time t s ' when E is steady to its value at 

time to when E~O. A slight generalization of this result predicts 

that J e at any time t is given by 

(1.15) 

Now, if the convection current is negligible or if the change in J c is 

small compared to the change in displacement current, then 

(1.16) 

Krider and Musser (1982) have suggested that the total air 

conductivity a can be obtained by dividing Eq. (1.16) by E, i.e., 

(1.17) 

1.6. Purposes of the Investigation 

In order to test the hypotheses of Krider and Musser (1982) 

and to develop the concepts further, we have endeavored to make the 

first direct measurements of J m in a thunderstorm environment. The 

initial goals of' these measurements were to determine: 

(a) the values and polarity of J m under thunderstorms, 

(b) the time-behavior of J m in the intervals between 

lightning discharges, 

(c) the relative importance of aD/at as a component of J m, 

(d) how lightning affects the values of J m, 

(e) how J m evolves throughout a thunderstorm, and 



(f) whether the various theoretical approximations that 

have been described above are valid. 
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In Chapter 2 we will describe the experimental apparatus that 

has been used to measure the Maxwell current density, and then we 

-wdll present and discuss the measurements. In Chapter 3 we will 

apply the results of the experimental study and will map and 

interpret the space- and time-behavior of J m under several active 

thunderstorms at the NASA Kennedy Space Center. Finally, in Chapter 4 

we will discuss our measurements of the air conductivity under 

thunderstorms and how the results compare with Eqs. (1.16) and (1.-17). 



CHAPTER 2 

MEASUREMENTS OF J m UNDER THUNDERSTORMS 

2.1. Experimental Arrangement 

During the summer of 1981, a variety of atmospheric electrical 

sensors and recording equipment were installed in a large clearing 

that was adjacent to the Weather Station B (WSB) at the NASA Kennedy 

Space Center (KSC), Florida. A plan view of the site that shows the 

placement of the sensors is given in Fig. 2.1, and a photograph of the 

site taken from the roof of the weather station is given in Fig. 2.2. 

The cleared area was semi-circular in sh~pe and the surface was 

uniformly covered by short grass, 10 to 20 cm tall. At its edge, the 

clearing was bordered by thick overgrowth of small trees and dense 

underbrush. For these experiments, the clearing provided a 

homogeneous, level terrain that minimized distortions in the local 

electric field and current that could complicate the interpretation of 

the J m measurements. 

2.1.1. Maxwell Current Sensor 

The Maxwell or total air-earth current, which includes the 

displacement current as well as currents due to ionic conduction, 

convection, and charged precipitation, was measured by monitoring the 

total current flowing to ground through an insulated collector. The 

collector was held at ground potential by the inverting input of an 

13 
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FIG. 2.1. Plan view of the experimental site. Shown are locations 
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of the (a) J m sensors, (b) electric field mill, (c) con
ductivity meters, (d) anemometer, (e) sensor power supplies, 
and (f) tipping bucket rain gauge. 



2.2. Photograph of the experimental site showing the locations of the (a) Jm sensors~ 
(b) e lectric-field mill, (c) conductivity meters, (d) anemome t er, (e) sensor 
power supplies, and (f) tipping bu cke t rain gauge . 
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electrometer amplifier (a very low-bias current operational 

amplifier). Figure 2.3 shows a sketch of the collector and associated 

electronics. The collector consisted of a shallow aluminum box that 

was mounted flush with the ground and was filled with the same soil 

and soq as the surrounding terrain. In effect, the collector isolated 

a small piece of the earth's surface so that all of the charge that 

flowed to or from this surface could be monitored. Figures 2.4(a) and 

2.4(b) show a close view of one of two current sensors that were 

installed at the WSB site, and the locations of these sensors can be 

seen in Fig. 2.2. 

The output of the Maxwell current sensor is controlled both by 

the effective area of the collector and by the value of the feedback 

resistance (Rf). A value of 109 (±2 %) ohms for Rf provided a 

sensitivity of 2.0 na/m2 per output volt and a time response of 0.2 s. 

These parameters provided sufficient dynamic range and time resolution 

to study all values of the Maxwell current density that were found 

beneath Florida thunderstorms during 1981. 

details on the calibration of this sensor. 

2.1.2. Electric field Mill 

Appendix A.1 provides 

The vertical electric field of the atmosphere was measured by 

a field mill that was mounted in the same geometrical configuration 

as those used in the KSC field-mill network. In general, a field mill 

measures the external field by monitoring in some prescribed manner 

the bound charge that flows between a conducting plate and ground as 

the plate is alternately exposed to and shielded from the earth's 
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2.4. Photograph showing an installed Jm sensor [(a) and (b)], (b) the electric ~ield 
mill, and (c) the conductivity sensors. 
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field by a moving grounded cover. Figure 2.4(c) shows the field mill 

that was used at the WSB site. In this instrument, a grounded rotor 

alternately covered and uncovered eight vertically oriented stators 

that were connected t.ogether to form two separate sets of "plates." 

The four stators being simultaneously covered formed one plate, while 

the remaining four stators that were exposed formed the other. The 

signals between the two "plates" were then differentially amplHied 

and sampled by a synchronous peak detector. This provided an output 

voltage that was proportional to both the amplitude and polarity of 

the external field. The dynamic range of the field mill covered -15 

to + 15 kV 1m and the time resolution was about 0.1 s. A description of 

the operation of the KSC field mills and their data acquisition system 

has been given previously by Jacobson and Krider (1976). Since our 

instrument was not mounted flush with the ground, the geometrical 

enhancement of the external field in the vicinity of the sensor were 

determined by calibration. Appendix A.2 gives a detailed discussion of 

our field mill calibration procedures. 

2.1.3. Conductivity sensors 

The positive and negative polar conductivities were measured 

using three Gerdien sensors that are shown in Fig. 2.4(d). In these 

instruments, air is drawn through a cylindrical capacitor while an 

electric field is applied between the outer and inner electrode. A 

fraction of the ions in the air stream are collected on the central 

electrode, and the current of these ions is measured with a sensitive 

electrometer amplifier. When a large volumetric flow rate is used, 
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the current to the inner electrode is proportional to the air 

conductivity, and the sensitivity of the instrument is controlled by 

the applied electric field (Israel, 1970). 

For our measurements, voltages of -20 and +20 V were applied 

to two of the capacitors simultaneously to obtain positive and 

negative conductivities. The third sensor was operated with the outer 

cylinder grounded while still maintaining the air flow to establish a 

dynamic zero. This procedure provided an automatic compensation of 

any effects of triboelectric charging of the inner electrode by 

particulate matter in the air stream. The applied voltages were 

switched cyclically through the three different instruments at regular 

intervals to eliminate any instrumental effects. The absolute 

sensitivity of the conductivity meters was about 6.2 x 10-15 mhos/m 

per output volt. A discussion of the design and calibration of the 

Gerdien capacitors is given in Appendix A.3. 

2.1.4. Data Acquisition 

A data acquisition system was installed on the ground floor of 

the WSB building to record the analog signals from all sensors 

sim ul taneously. A Brush 8-channel strip chart recorder provided a 

real-time, hard-copy output of all signals, and a seven-track analog 

tape recorder was used to provide a redundant record. In addition, 

two event markers were available on the Brush recorder. One of these 

was used to record a standard 1 PPM timing signal provided by KSC, and 

the other was used to mark the arrival of audible thunder for ranging 

on close lightning discharges. Usually, the signals from the field 



21 

mill and one of the air-earth current sensors were recorded on both 

high and low gain channels to increase the dynamic range of the Brush 

recorder. This proved to be especially valuable during the initial 

storm periods when the values of the electric field and the Maxwell 

current density were increasing very rapidly. One track of the tape 

recorder was used to record both audio commentary and WWV time code 

transmissions during the observations. On the remaining tracks, data 

were recorded on FM channels each having a bandwidth of about 1.2 kHz. 

A switch-se1ectib1e (on/off) variable voltage divider was placed at 

the input to the tape recorder to insure that the maximum signals 

were below the saturation level of the head amplifiers (about 4 V). 

The calibration of the strip chart pen amplifiers was checked 

daily throughout the summer field program, and during the 

thunderstorm observations, the zero levels of the sensor outputs were 

monitored at regular intervals. The magnetic tape amplifiers were 

calibrated at the beginning of the summer and checked periodically 

throughout the experiment. Also, calibration signals of 0 and ±2 V 

were recorded immediately after each storm period. 

At the WSB observation site, one observer could visually 

monitor nearby thunderstorm activity to the west. When a second 

observer was available, visual observations could also be made to the 

north and east of the site. 

2.2. Summer Thunderstorms in Florida 

2.2.1. General Description 
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Thunderstorms are a manifestation of intense atmospheric 

convection. The conditions necessary for thunderstorm development are 

the existence or the dynamic formation of an unstable lapse rate in 

temperature throughout a deep vertical layer of the atmosphere and 

the presence of an adequate supply of water vapor at low levels. 

Under these conditions, the moist air that rises or is lifted into the 

unstable region will remain warmer than the environment and will 

continue to ascend. When condensation starts, the release of latent 

heat in the rising air will further strengthen the updraft and enhance 

the convective development. Large vertical development is required to 

produce a thunderstorm, and cumulus clouds with depths less than 3 km 

rarely produce lightning (Moore and Vonnegut, 1977). 

Most thunderstorms that occur in central· Florida during the 

summer months are air mass thunderstorms triggered by local heating 

and sea breeze convergence (Byers and Rodebush, 1948). Air mass 

thunderstorms are composed of one or more convective cells, each of 

which represents the basic unit of the thunderstorm Circulation. The 

life cycle of a typical cell has three stages (Byers and Braham, 1949). 

The initial or cumulus stage is a building phase that lasts 10 to 15 

minutes from the time of the first radar echo. In this phase, there 

are updrafts throughout the entire 

Next, there is mature stage that has 

and it is during this stage that 

cell and little precipitation. 

a duration of 15 to 30 minutes, 

the cell attains its greatest 

convective intensity. The mature stage is marked by strong updrafts 

and also strong downdrafts, and during this stage heavy precipitation 

often appears at the ground. Finally, as the downdrafts spread 
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thoughout the entire cell, the convection ceases and the cell enters a 

dissipative stage that usually lasts about 30 minutes. The particular 

synoptic conditions that are conducive to thunderstorm formation over 

the KSC complex and Merritt Island (see Fig. 3.1) have been analyzed in 

detail by Neuman (1971). A moderate west-southwesterly flow through 

the 500-mbar level is usually required, and with these winds, any 

convective cells that form west of the Indian River in the early 

afternoon will advance east-northeastward over KSC as large semi-

organized systems. Sometimes, under light wind conditions, small 

isolated storms may form directly· over KSC, and these usually show 

little or no horizontal movement. 

2.2.2. 1981 Storms 

During our observation period from 21 June 1981 to 15 August 

1981, four thunderstorms occurred close enough to the WSB to provide 

data that were suitable for analysis. The overall activity of each of 

these storms is summarized in Table 2.1. The lightning statistics in 

Table 2.1 were derived from electric field data provided by the KSC 

field-mill network (described further in Section 3.1) using the 

computer method discussed by Piepgrass, Krider, and Moore (1982). 

Basically, the computer searched for a discontinuous change in the 

electric field; and when a change of at least 350 VIm was found at 

two or more sites, and if there had not been a discharge within the 

previous 0.6 s, the discontinuity was counted as a lightning. The 

maximum flashing rate in Table 2.1 was determined by counting the 

total number of discharges in consecutive 5-minute intervals. 
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Table 2.1. Summary of lightning statistics during four storms at the 
NASA Kennedy Space Center. 

Date Start/Stop Storm Total Maximum Average 
month/day (UT) Duration Number of Flashing Flashing 

(min.) Flashes Rate Rate 
(min- 1) (min- 1) 

7/17 1914/2155 151 1555 29.0 10.3 

7120 1835/2100 145 1427 23.8 9.8 

7130 1920/2050 90 582 21.6 6.5 

8/07 2225/2335 70 382 10.0 5.5 

The storms in Table 2.1 were very active and had a mean 

average flashing rate of 8.0 discharges per minute per storm and a 

mean maximum rate of 21.1 discharges per minute per storm. These 

values compare to a mean average and maximum flashing rate of 2.4 and 

7.6 discharges per minute per storm, respectively, for all storms at 

KSC in the years from 1976 to 1980 (Piepgrass et a1., 1982). During 

the 1976-1980 period, storms with a maximum flashing rate greater 

that 10 discharges per minute had a mean average and maximum flashing 

rate of 5.6 and 17.5 discharges per minute per storm, respectively, and 

storms with an average flashing rate greater than 5 discharges per 

minute had values of 7.5 and 18.2 discharges per minute per storm 

(Piepgrass et a1., 1982). It is clear, therefore, that the 

characteristics of the storms that we recorded in 1981 are typical for 

active storms in central Florida during the summer months. 
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2.3. Behavior of J m During Active Storm Periods 

Figure 2.5 is an example of a record from a small portion of 

the storm on 17 July 1981 that shows the simultaneous measurements 

of the Maxwell current density J m on the upper trace, and the 

vertical component of E on the lower trace. Figure 2.6 shows a 

portion of the record in Fig. 2.5 with faster time resolution (and the 

traces reversed), and other examples from the storms on 20 July, 30 

July, and 8 August 1981 are shown in Figs. 2.7 to 2.9. In each of these 

records, the rapid changes in E (such as the event at 20: 15: 34 UT in 

Fig. 2.6) are caused by lightning. These changes in E produce very 

large displacement currents (proportional to aDlat) that frequently 

drive J m into saturation, or at least produce a "spike" on J m signal 

at these times. Here, we are primarily interested in the behavior of 

J m in the intervals between lightning discharges, and at these times 

the Maxwell current sensor rarely saturated. 

The examples in Figs. 2.6 through 2.9 illustrate the typical 

behavior of J m near active thunderstorms. Based on these and many 

other records, we can now summarize our observations of J m under 

active storm conditions: 

(1) J m is usually dominated by the displacement 

current component; 

(2) J m tends to be steady with time in the intervals between 

lightning flashes; and 

(3) The magnitude of J m is not altered significantly by 

lightning. 
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FIG. 2.5. Simultaneous records of Jm (upper trace) and E (lower trace) during 
an active thunderstorm on July 17, 1981. 
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an expanded time scale in Fig. 2.6. 
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FIG. 2.7. Simultaneous records of J m and E during an active 
thunderstorm on July 20, 1981. 
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FIG. 2.8. Simultaneous records of J and E during an active m 
thunderstorm on July 30, 1981. 
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Expressed mathematically, result (1) is equivalent to Eq. (1.9). 

Resul ts (2) and (3) imply that J m is usually quasi-steady over time 

scales of a few tens of seconds and that 

(2.1 ) 

We will now examine these results in greater detail. 

2.3.1. Dominance of aD/at 

One of the main objectives of this study has been to determine 

the conditions under which measurements of the displacement current 

denSity, when the field is close to zero, provide good estimates of J m 

(i.e., to test the validity of Eq. (1.9». Our simultaneous measurements 

of J m and E indicate that the displacement current usually dominates 

the other components of .. lm when E is close to zero. Therefore, Eq. 

(1.9) is usually valid throughout the active period of Florida storms. 

The dominance of aDlOt over Je and J c is not· surprising in 

view of our previous discussion in Section 1.5. During active lightning 

periods, our direct measurements of J m and E show that Eq. (1.9) was 

often a good approximation even when E was not zero. This result was 

not unexpected because Livingston and Krider (1978) previously showed 

that the average E tends to be relatively small during active 

lightning periods and even with an air conductivity on the order of 2 

x 10-13 mhos/m (a value about 10 times larger than typical for fair

weather), the contribution to J m from J e will be only 0.4 na/m2 if the 

field is 2 kV 1m. 
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In almost all cases where Eq. (1.9) was not valid, the cause 

was a large contribution to J m due to precipitation. An example of a 

situation such as this is shown in Fig. 2.10. Here, the storm was just 

beginning and most lightning discharges were within the cloud. At this 

time, there was heavy precipitation, a large and steady electric field, 

and a relatively large and steady J m at our site; most of the 

contribution to J m was either J e or J c or some combination of the 

two. The relative importance of i}D/at continued to be small as long 

as the heavy precipitation was present, a period of about 30 minutes. 

Clearly, under these conditions, the slope of an E measurement is not 

a good estimate of J m• 

2.3.2. J m Between Flashes 

Another objective of the measurements was to determine the 

behavior of J m in the intervals between lightning discharges. Our 

records show that J m is almost always steady between flashes under 

active storms. This finding is consistent with the balloon 

observations of Winn and Byerley (1975), Standler and Winn (1979), and 

Winn et al. (1980), as discussed by Standler (1980) and Krider and 

Musser (1982) (see also Section 1.5). The basic implication of this 

result is that during the intervals between flashes, the cloud charge 

is being regenerated at a constant rate. Since the cloud electric 

field is undergoing large changes in magnitude and sometimes even 

polarity at these times, it also appears that the cloud generating 

process does not depend on the value of the cloud electric field. 
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When the lightning rate is high (e.g., ~4 to 6 flashes/minute), 

the recoveries of the electric field near the storm tend to be linear, 

an observation noted previously by Gunn (1954), Jacobson and Krider 

(1976), and .Livingston and Krider (1978). At these times, Eq. (1.9) 

usually applies over the entire inter-flash interval, and there is 

relatively little distortion due to point discharge or space charge 

shielding. The examples in Figs. 2.6-2.9 show this linear electric 

field behavior. 

2.3.3. Behavior of J m Over Longer Times 

Our measurements show that J m remains at a nearly constant 

value throughout numerous inter-flash intervals. This result implies 

that (a) the cloud current generator is quasi-steady and (b) the cloud 

electrification processes are not altered substantially by lightning. 

This latter result is important because it strengthens the evidence 

that the cloud charging mechanisms do not depend on the cloud 

electric field. 

We should point out that lightning does cause small changes in 

J m and that after each such change the new value of J m is steady 

(see, for example, Figs. 2.6-2.9). Although small changes are a 

characteristic feature of the data, we believe that these are "second 

order" effects, i.e., that they are produced by lightning-caused changes 

in the cloud charge distribution and that the bulk of the cloud 

current generating process is not affected by the lightning. This 

behavior will be discussed further in detail in the following section. 
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2.4.1. Small Impulsive Changes 

In the above section, we pointed out that lightning often 

caused small changes in J m and that the new values of J m were 

usually steady, at least until the next flash occurred (see Figs. 

2.5-2.9). This behavior was observed at all stages of storm 

development, and the average magnitude of the changes varied only 

slightly with storm intensity. The changes in J m could not be traced 

to any instrumental effects, and the amplitude and sign of changes in 

aD13t derived from electric field data were well correlated with the 

changes in J m measured with the Maxwell current sensor. 

During electrically active periods, the average value of J m 

was large and a typical change, 6Jm, ranged from 0.5 to 2.0 na/m2• 

During less active storm periods, the values of .6Jm were on the order 

of 0.2 to 1.0 na/m2• The relative amplitudes of the changes were 

usually less than 10 to 20% of J m when the values of J m were neal" 10 

na/m2, and therefore, at these times the changes were small relative 

to the total value. During small storms or during the less active 

periods of large storms, the changes in J m were often 50 to 100 

percent of the actual value and, therefore, relatively more important. 

The sign of 6J m during the foul" 1981 storms appeared to be random, 

based on a sign test, and no significant autocorre1ations in the sign 

of successive 6Jms appeared to be present. 

The abrupt changes in J m were clearly produced by lightning. 

It is well known that lightning changes or neutralizes large volumes 

of the cloud charge distribution. If the cloud charge is on 
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precipitation or on cloud particles that are being advected by wind 

motions, then it is clear that the lightning will change the sources 

of J m both within and perhaps outside the cloud. For example, it is 

now known that lightning can sometimes create or neutralize 

relatively large volumes of charge on precipitation. One example of 

this is the abrupt formation of lower positive charge centers (LPCC) 

in thunde~clouds, as discussed by Holden et al. (1980) and Marshall and 

Winn ( 1982). Since the terminal velocity of the precipitating 

particles can be relatively large, any lightning-caused changes in an 

LPCC 'may create or destroy a convection current and, hence, a 

component of J m near this region. In Section 2.4.3 we will discuss 

some examples of the changes in Jm that are observed during close 

lightning. 

When lightning produces sudden changes in the cloud electric 

field, these changes may, in turn, alter the terminal velocity of any 

highly charged hydrometeors (and hence J c ) that are falling in the 

presence of such fields. Calculations by Gay et al. (1974) and 

Illingworth and Latham (1977) indicate that velocity changes on the 

order of 10 to 30 percent would not be unreasonable for millimeter

size hydrometeors, but recent efforts to observe these effects have 

been inconclusive (Williams and Lhermitte, 1983). 

In general, the amplitude and sign of any changes in Jm that 

are observed at the ground will depend on the sign, intenSity, and 

structure of the changes in the current sources aloft and on the 

location of these changes relative to the point of observation. 
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2.4.2. Changes in J m During Close Lightning 

During the storm on 20 July 1981, there were several occasions 

when a close lightning discharge produced a sudden decrease in J m at 

the measuring site. Figure 2.11 shows an example of this behavior at 

19:12:29 UTe Generally, these events are marked by large changes in 

J m and are immediately preceded by a close lightning discharge during 

a period of heavy rain. The field changes from the close lightning 

are usually positive or slightly negative; and within a few seconds of 

the discharge, the measured values of J m decrease significantly and 

sometimes even reverse polarity. After an interval of several 

seconds, the value of J m slowly returns to the pre-lightning level. 

In many cases, a second lightning flash appeared to terminate the 

event. 

Table 2.2 summarizes the electric parameters of cases where 

nearby lightning produced an unambiguous decrease in J m• In this 

table, the distances to the initiating flash were determined by 

thunder-ranging. In all cases where the distance was known, the 

initiating flash was within 3 km of the measuring site. In most of 

these examples, there appeared to be a terminating flash, but these 

were not necessarily close to the site. 

It is interesting to note that two conditions were always 

present when a close lightning discharge produced a large excursion in 

J m: first, the surface electric field was close to or above +2 kV 1m 

when the excursion in J m began, and the excursion ended when the field 

fell below this level. Second, the excursions only occurred during 

periods of heavy precipitation. No excursions in J m were observed 
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Table 2.2. Electrical parameters of cases when a nearby lightning 
discharge produced a negative excursion in J m on 20 July 1981. 

Initiating Flash Duration Terminating Flash 
Time Range E-field E-Field of current E-field E-field 
(UT) (km) change after excursion change after. 

(kV/m) discharge (sec) (kV/m) discharge 
(kV/m) (kV 1m) 

19:09:00 -0.4 1.9 17 -3.0 0.0 

19:10:03 3.4 0.0 1.8 33 -5.3 -2.0 

19:10:53 -0.8 1.8 19 

19:11:54 2.6 1.9 5 -1.9 1.1 

19:12:29 • 0.3 3.8 3.6 34 -3.3 1.1 

19: 13:28* 1.3 2.6 3.0 19 -4.1 ** 0.8** 

19: 19:27* 1.3 -0.2 1.6 12 -4.5 0.8 

19:20:20 0.7 -1.9 1.8 22 -2.6** 0.8** 

19:21:41 1.9 2.0 13 -7.5 -2.4 

19:23:12* 0.3 0.0 2.6 9 -2.2 0.2 

19:29:23 2.7 -1.9 4.1 7 -2.6 0.4 

19:34:25 1.0 13.1 9.4 8 -5.6 0.4 

*Observed to be a ground discharge. 
**Terminating flash not clearly defined. 
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when a close discharge occured in light or moderate rain, even though 

the electric field was sufficiently large and the lightning field 

change was the same (i.e., a small negative or positive value). When a 

terminating discharge was observed, it always appeared to reduce the 

electric field to a value below the 2 kV/m threshold. The presence of 

a surface field of +2 kV/m or more and heavy precipitation did not 

guarantee that J m would change after a close lightning. Also, a close 

lightning did not always precede each reversal of J m; however, 

reversals in J m that were not preceded by lightning were usually 

erratic and poorly defined. 

At this pOint, it should be noted that a negative excursion in 

J m would occur if there was current of positive charges moving 

downward or negative charges moving upward. One possible explanation 

for the negative anomaly might be that a close lightning creates a 

large concentration of positive space charge near the ground that is 

subsequently lowered to ground by the precipitation. A positive space 

charge might be expected because when a negative lightning leader 

approaches the earth, the electric field between the leader and the 

ground becomes very large. This large field will produce positive 

point discharge at the ground, and close to the strike point there 

could also be upward propagating streamers that are positive and tens 

of meters in length (Golde, 1977). Since the fall velocities in 

precipitation are a few meters per second, and the durations of the 

current excursions in Table 2.2 are typically 10 to 20 seconds, the 

thickness of the lightning space charge would appear to be on the 

order of 100 to 200 meters, if the hypothesis is correct. 
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Unfortunately, the electric field data in Table 2.2 are a direct 

contradiction to this hypothesis. The E-fields are all positive when 

the anomalies begin, and this polarity indicates that the space charge 

near the ground is negative. 

Another hypothesis might be that a nearby lightning discharge 

leaves behind channels that have a net negative charge at relatively 

high altitude. This negative charge produces a positive field that is 

large enough to make positive-point discharge from trees and bushes 

near the experiment site but not at the Maxwell current sensor. Wind 

then blows positive charge over the sensor where it is captured by the 

heavy precipitation and forms a negative convection current. When the 

positive space charge moves over the sensor, the positive E-field will 

be reduced and, again, we may have a contradiction with the 

measurements. Clearly, the electrical environment under a 

thunderstorm with heavy precipitation and close lightning is very 

complicated. 'Further experiments will be necessary to determine 

whether this or some other mechanism is producing the negative 

current anomalies after close lighting. 

2.5. Behavior of Jm...Puring Periods of Low Lightning Activity 

When the lightning rate was low (e.g., $2 to 3 

flashes/minute), aD!at usually dominated J m during the electric field 

recovery until the field amplitude became quite large. When the field 

became large, the dominant component of J m sometimes shifted from 

aDldt to J e while J m remained steady. When Jm~Je' the Maxwell 

current could be close to our estimate of the ohmic conduction 
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current oE; but at other times, J m was much larger than this and, 

therefore, there was probably point discharge from the J m sensor. 

As noted in Section 1.5, the behavior of J m between flashes 

during less active lightning periods can be used to test the validity 

of the quasi-steady hypothesis and Eq. (1.13). Near the end-of-storm, 

there are often complete or substantial recoveries of the field 

between flashes. Figure 2.12 shows a case where the Maxwell current 

remains at a nearly constant and relatively large value, while the 

surface electric field recovers to a steady value. In this example, 

the field was large enough to produce point-discharge at the ground, 

and the field growth above the space charge layer was probably 

continuing to increase linearly, as discussed by Standler (1980). 

More often, J m decreased rather than remaining constant as 

the rate of the field recovery approached zero. An example of this 

behavior is shown in Fig. 2.13. Here, there was little or no 

precipitation at the time of the record. A large field change occured 

at about 20:57:08 UT, and a small one occured at about 20:57:56. The 

initial field recovery was almost linear from 20:57:20 to 20:57:55 and 

J m was relatively steady. After about 20:58:00, the field recovery 

decreased, J m decreased, adn by 20:59:00 the field was relatively 

steady at about 6.5 kV/m but J m was close to zero. 

During low rate situations, we might expect a gradual change 

in J m if there is a substantial rearrangement of space charge outside 

the cloud or within a screening layer at the cloud boundary. As noted 

in Section 1.3, these external components will certainly dominate 

measurements of J m when the storm is beyond about 20 km. If the 
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storm is nearby, point discharge from trees and bushes close to the 

site could also effectively shield a ground J m sensor from variations 

occuring above the local space charge layer. 

2.6. Evolution of J m Throughout a Thunderstorm 

In previous sections we have exhibited the results of our J m 

measurements on relatively fast time scales. We found that during 

active lightning periods, J m is usually steady between lightning 

discharges. In this section, we will examine the variations of J m over 

much longer time scales. The reader should bear in mind that a 

single-point measurement of J m can be influenced by several 

simultaneous current sources or cells in the local area and that each 

of these may be in different locations, in different stages of 

development, and perhaps even in motion. 

In Chapter 3, we will show maps of our estimates of J m under 

several thunderstorms, and we will discuss the overall development of 

J m as a function of both space and time. Here, we would like to 

summarize just the results of our single-station measurements of J m 

during the four thunderstorms shown previously in Table 2.1. The 

first three storms were large and relatively stationary, and the last 

storm was small and in fairly rapid motion over the measuring site. 

2.6.1. Storm on July 17, 1981 

Figure 2.14 shows the overall development of J m at the WSB 

site during a large thunderstorm on July 17, 1981. Here, the points 

labeled J m are 2 1/2-minute averages of the measured values of J m 

between lightning discharges, and each point is plotted at the end of 
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the averaging interval. For comparison, Fig. 2.14 also shows an 

average of the displacement current density aDtat that has been 

computed from our electric field measurements at the WSB site. The 

values of aD/at have been computed by averaging the slopes of all 

lightning field recoveries that occured during the averaging interval 

when the field values were close to zero. 

The lightning rate histogram that is given in Fig. 2.14 shows 

the total number of lightning discharges that were recorded by the 

KSC field-mill network in successive 5-minute intervals. Here, the 

lightning identification algorithm was the same as that discussed in 

Section 2.2.2. The curve labeled J intpl is an interpolated estimate of 

the Maxwell current density at the WSB site that has been computed 

from field-mill data. This curve and the comparison with other curves 

will be discussed further in Chapter 3. 

The storm on July 17, 1981 was a large storm that began just 

to the north of the WSB site at about 19:35 UT, a time and location 

that was confirmed by the NOAA WSR-57 weather radar at Daytona Beach, 

Florida (approximately 40 miles to the north-northwest). J m began to 

increase at about 19:35 UT and then grew very rapidly from 19:40 to 

19:50 UTe During this 10-minute interval, the average rate of increase 

was about 1.2 nA/m2/min. During the 10 minutes prior to 19:35 UT, the 

J m signal had started to become noisy, a behavior that often indicated 

that electrical activity was beginning in the cloud. After 19:50 UT, 

J m increased more slowly to a peak of about 15.5 nA/m2 and then began 

to decrease again. A small second peak occurred at about 20:10 UT, 

and then J m decreased rapidly until about 20:30 UTe Between 19:40 and 
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20:30 UT, the overall shape of J m was almost symmetric about the 

peak, and after 20:30 UT, J m had a slow "tail" that persisted for about 

one hour. 

2.6.2. Storm on July 20, 1981 

Figure 2.15 shows the overall development of J m at the WSB 

site during a large storm on July 20, 1981. Here and in Figs. 2.16 and 

2.18, the meaning of J m and the other curves is the same as that for 

Fig. 2.14. The storm on July 20 began to the west of the WSB site at 

about 18:30 UT. J m grew for about 45 minutes at an average rate of 

0.7 nA/m2/min and reached a peak of 13 nA/m2 at about 19:30 UT. Heavy 

precipitation began to fall at the WSB site at about 18:55 UT, and the 

convection current associated with this precipitation dominated the 

measurements of J m between 18:55 and 19:30 UT (see Fig. 2.10). 

Precipitation was present throughout the initial growth period. The 

associated J m record was erratic and noisy during this period, and the 

J m measurements were punctuated by the effects of close lightning, 

that were discussed in Section 2.4.2. After 19:30 UT, J m decreased 

rapidly until a small second peak developed again at about 20:20 UT. 

As in Fig. 2.14, the overall shape of J m in Fig. 2.15 was almost 

symmetric around the time of peak activity. 

Data obtained by the Daytona Beach weather radar, the KSC 

lightning locating system, and the KSC field-mill network all indicate 

that there was widespread electrical activity on July 20. Although we 

believe that the primary source of J m at the WSB site was a large 

storm to the west, this storm itself may have contained several cells, 
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and the successive development of these cells, as well as the earlier 

and later development of other more distant storms, may have produced 

the relatively slow time to peak in Fig. 2.15. In Chapter 3, we will 

see that the regeneration of J m at about 20:20 UT was a 

reintensification of the main storm to the west. 

2.6.30 Storm on July 30, 1981 

Figure 2.16 shows the overall development of J m during a 

large, relatively stationary storm on July 30, 1981. The storm began 

to the west of the WSB site at about 19:30 UT, but at 19:36 UT there 

was a power failure that prevented data recording at the WSB site 

until 20:08 UTe During the power outage, much of the KSC field-mill 

network continued to operate, and the resulting interpolated Maxwell 

current at the WSB site, Jintpl' showed a very rapid rise to peak 

between about 19:53 and 20:05 UTe 

The initial development of J m in Fig. 2.16 differs from that in 

Figs. 2.14 and 2.15 in that there is a shoulder on the curve between 

19:30 and 19:50 UTe This shoulder may have been produced by a distant 

storm that began before the closer one, or it may have been caused by 

a pause in the charge-generating process that was followed by a 

sUbstantial reintensification. 

After the peak at about 20:10 UT, the measured values of J m 

decreased quite rapidly until about 20:35 UTe After 20:45 UT, there 

were slow, end-of-storm oscillations in the storm electric field 

(Moore and Vonnegu t, 1977) that tended to domina te J m through the 

displacement current. The field and current behavior at these times 
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are shown in more detail in Fig. 2.17. Again, except for the slow tail 

after 20:35 UT, the overall shape of the Jm curve in Fig. 2.16 was 

almost symmetric about the peak. 

2.6.4. Storm on August 7, 1981 

The storm on August 7, 1981 was a small storm that formed to 

the west of the WSB site and then moved over the measuring site. The 

behavior of J m during this storm is shown in Fig. 2.18. In this case, 

J m began to increase at about 22:35 UT and then two, rather well

resolved peaks occurred at about 23:01 and 23:17 UTa The width of 

each peak was on the order of 10 to 15 minutes, and the time for each 

peak to develop was on the order of 10 minutes. These times are in 

good agreement with the times required for isola ted radar echoes to 

develop (Battan, 1953a) and also the time required for isolated echoes 

to reach maximum height (Battan, 1953b; Workman and Reynolds, 1949). 

In Chapter 3, we will show that each peak in Fig. 2.18 may have been 

caused by an individual electrical cell; but, unfortunately, much of 

the lightning activity in Fig. 2.17 is distorted by a very large storm 

to the west of the Indian River. 

2.6.5. Summary of the Behavior of J m 

Throughout this section, we have seen that the values of J m 

that are measured between lightning discharges vary slowly over time 

intervals that are comparable to those required for storm 

development. This result is consistent with the inferences of Krider 

and Musser (1982, Fig. 5) and supports their suggestion that J m is an 

electrical quantity that may be coupled directly to the meteorological 
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structure of the storm and/or the storm dynamics. 

During large, stationary storms (Figs. 2.14-2.16), the shapes of 

the J m curves are almost symmetric about the time of peak activity, 

except for a low-amplitude tail that persists for about an hour at 

the end of storm. There is also good agreement between the peak of 

J m and the peak in the lightning rate. Small storms exhibit much less , 

symmetry, but. J m develops over times that are characteristic for 

isolated storm cells. 

It is important to note in Figs. 2.14, 2.15, 2.16, and 2.18 that 

the measured values of J m are always in good agreement with the 

values that are inferred from electric field data using the Eq. (1.9) 

approximation, i.e., the curves labeled J m agree with those labeled 

aD!at to within 15 to 20 %. This error is not large and is probably 

due to systematic error in the absolute calibration of the sensors. 

It is interesting to note that the interpolated estimates of J m that 

are derived from the KSC field-mill network, Jintpl' are also in good 

agreement with the measurements. This point will be considered 

further in Chapter 3. 



CHAPTER 3 

THE PATTERNS OF THE MAXWELL CURRENT DENSITY 
BELOW FLORIDA THUNDERSTORMS 

The geometrical distribution of the Maxwell current density 

near a thunderstorm is determined both by the structure of the 

current sources within and near the cloud and the interaction of these 

sources with the conducting atmosphere. Below the storm, many of the 

lines of J m will intersect the earth's surface where they may be 

measured or estimated by ground-based sensors. If the data from a 

large network of sensors is mapped as a function of time, the 

resulting patterns of J m will indicate the approximate x-y location, 

the strength, and the movement of the sources of electrical activity 

aloft. Measurements of J m at the ground, therefore, offer a unique 

opportunity for monitoring the development and movement of 

thunderstorm currents, especially when coupled with other 

meteorological observations. 

Since we were not able to install a large network of J m 

sensors at KSC, we will study the behavior of J m during Florida 

thunderstorms using estimates of this quantity that are derived from 

field-mill data. Following Krider and Musser (1982), we will estimate 

the value of J m at each field-mill site by computing the displacement 

current density when E is close to zero (Eq. 1.9). 

Here, we greatly extend the work begun by Krider and Musser 

(1982). We first describe a systematic computer procedure that can be 
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used to estimate the values of J m, and then we compare these results 

with our direct measurements of J m• We show sequences of maps of J m 

that have been produced for a number of TRIP storms at KSC, and we 

describe the development of these patterns in both space and time. 

Aft.er this, we will derive an estimate of total Maxwell current, and 

will use these results to place various limits on the total rates of 

charge transfer to the upper atmosphere and to the earth. Finally, we 

will attempt to fit our experimental maps of J m to the models that 

have been discussed in Appendix C. 

3.1. KSC Field-Mill Network 

The electric field data that we have analyzed were provided by 

a large network of electric field mills at the NASA John F. Kennedy 

Space Center (KSC), Florida. The KSC network is a unique facility both 

because the array is large and because it is located in a region with 

high thunderstorm frequency. 

A map showing the locations of the field measuring sites at KSC 

for the years 1976-1978 and 1981 is given in Fig. 3.1. During 

1976-1978, the Thunderstorm Research International Program (TRIP) was 

conducted at KSC (Pierce, 1976), and at that time there were 25 mills 

in the network. Since then, additional mills have been installed and 

in 1981 the total number was 34. The locations of our measuring site 

at Weather Station B (WSB) (see Chapter 2) and a fast scanning radar 

that was operated by the New Mexico Institute of Mining and 

Technology are also shown in Fig. 3.1. 
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The field-mill network has an overall dimension of about 15x30 

km2, an area that is usually. sufficient to monitor the electrical 

activity of a small storm with little or no distortion due to 

horizontal movement. Each field sensor is located on a site that is 

leveled, graded, and cleared of vegetation within a distance of about 8 

m from the instrument. Calibration of the sensors was. carried out by 

KSC or U.S. Air Force personnel, and in most cases we estimate the 

field values are accurate to within 10 %. The principles of operation 

of a field mill have been discussed previously in Section 2.1. The . . 

analog voltage output of each sensor is transmitted to a central 

receiving station, where it is digitized at a rate of 10 samples pel" 

second and stored on magnetic tape. The digitizing accuracy is 30 Vim. 

The digital outputs from all the field mills are recorded together 

with an accurate time code signal. 

Typical examples of the electric fields that are found under 

Florida thunderstorms, and various analyses of these fields, have been 

given in a series of papers by Jacobson and Krider (1976), Livingston 

and Krider (1978), Piepgrass et al. (1982), Krider and Mussel" (1982), 

and Maier, Krider, and Maier (1984). 

3.2.1. Method of Analysis 

We know from the discussion in Section 2.3.1. that Eq. (1.9) is 

usually a good approximation under active thunderstorms, and that it 

is often valid even when there is precipitation or when E is not zero. 
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It was also noted that during these periods J m is relatively steady in 

time. These experimental observations show that field-mill data can 

often be used to derive estimates of J m, as suggested by Krider and 

Musser (1982). 

To illustrate the method, Fig. 3.2 shows a portion of an 

electric field record and the displacement current density that has 

been derived from this field. The first step in estimating J m is to 

sample aD/at whenever the absolute value of E is less than some 

specified amplitude. For example, in Fig. 3.2 aD!at is sampled 

whenever lEI S 2 kV/m (i.e., the sampled values lie within the shaded 

areas in Fig. 3.2). 

The analysis begins by computing an estimate of' J m between 

each discharge for which there is an acceptable value of aD!at. Next, 

these instantaneous values of J m are averaged over some fixed time 

interval. The instantaneous values can be used to study the 

variations in J m from flash to flash and the behavior of J m as a 

function of type of discharge. Here, however, we will just study the 

average values because we are interested in the longer term behavior 

and the evolution of J m throughout a thunderstorm. We have found 

that 2 1/2-minute averaging intervals are usually adequate, and all 

current maps that will be presented in this chapter are for two half

minute averages. 

The size of the electric field window selected during an 

analysis depends on the application of the results. For monitoring 

the long-term storm development, a relatively large value of lEI on 

the order of 1-2 kV/m can be specified. This can be done because the 
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change of aD/at with E is usually small compared to the magnitude of 

aD/at itself. Also, the changes in aDlat that are associated with a 

positive E tend to cancel those associated with a negative E. The 

program could be made more sophisticated by weighting the sampled 

values of aD/at as a function of E, assuming that J m is constant. The 

reader is referred to Section 4.3 for more details on how aD;at varies 

with E. 

dominated 

Finally, 

by the 

the errors in the 

impulsive changes in 

discussed in Section 2.4. 

average value 

J m (and aD/at) 

are usually 

that were 

Occasionally, the electric field at one or more of the field

mill sites became so large that there were few to no zero crossings 

for up to several minutes. In these cases, the one-sided polarity 

sample might introduce a systematic bias into the estimate. In the 

future, a weighting procedure could be used to reduce this error. 

Lightning and various noise impulses can introduce errors into 

the estimates of J m unless care is taken to identify these features 

and to reject any data that are affected by them. In our analyses, we 

used the computer method of Piepgrass et ale (1982) (see Section 2.2) 

to identify lightning discharges, and all data within one second of 

these events was ignored. 

3.2.2. Contouring Program 

Once the estimates of J m were derived at· each of the field

mill sites, the distribution of J m under the thunderstorm could be 

mapped. Unfortunately, the locations of the points where the J m 

values are known have a large, irregular spacing. Therefore, in order 
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to draw contour lines through these data on a computer, we need a 

method of interpolating data from a rather irregular, sparse grid to a 

closely spaced array of grid points. The interpolation that we have 

adopted is the same interpolation that KSC uses to contour their 

field-mill data and is described in detail in Appendix B. 

No contour procedure will be unique, and one of the serious 

limitations of the KSC interpolation is illustrated in Fig. 3.3. In 

this figure, a known current distribution (the dash contours) has been 

placed in four different positions relative to the field-mill network. 

The solid lines represent the contours actually generated by the 

program in each case. We note that the current density patterns are 

good within the area covered by the field-mill network, but that 

beyond the perimeter of the network, the distortion of the J m lines 

can become quite severe. When the center of the current distribution 

lies off the network, the patterns often show a significant and 

distinctive flattening along the nearest boundary and the maximum 

value tends to fall close to this boundary. 

3.2.3. Comparison with Measurements of J m 

Comparison between electric field estimates of J m and direct 

measurements are an important check on the validity of both the 

estimating procedure and the mapping interpolations. We have, in fact, 

already presented several such comparisons in Section 2.6 during our 

discussions of the development of J m throughout a thunderstorm. In 

that section, Figs. 2.14-2.16 and 2.18 show single-station measurements 

of J m at WSB during the 1981 storms on July 17, 20, 30, and August 7, 
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respectively. Also, each of these figures shows the interpolated 

estimates of J m at the WSB site that have been computed from field

mill data using the analysis procedures (both estimation and mapping) 

discussed above. These estimates are represented in the figures by 

the curves labeled Jintpl. 

In Figs. 2.14-2.16 and 2.18, it should be noted that there is 

usually good agreement between Jintpl -and the measured values of J m• 

It is also important to note that the time variations in Jintpl are 

the same as the changes in J m, and reproduce many of the smaller 

scale features in the measured data. There is a small systematic 

error of 15-30% between J m and Jintpl. The sources of this error may 

include errors in the calibration of the sensors (see Appendix A.1 and 

A.2) and systematic errors introduced by the interpolation procedure. 

The largest errors in Jintpl were found during the early 

portions of the storm on July 20, from around 18:30 to 19:30 UTe This 

period contained heavy precipitation at the WSB site, and Jintpl 

greatly underestimated the measured value of J m• This feature has 

been discussed previously in Sections 2.3 and 2.6. Although it is often 

not possible to tell when field-mill estimates are seriously in error 

without the benefit of direct measurements, we have shown that Eq. 

(1.9) is usually valid when there is no heavy precipitation. If a 

field-mill was obviously not functioning properly, as indicated. by 

either a highly erratic or a zero response, data from this mill was 

excluded from the analysis. Also, if an individual average was clearly 

bad, although the field mill appeared to be functioning, then that 

particular average was excluded from the subsequent contouring 



66 

analysis. Note that on each map, the location of each of the field 

mill sites providing data used to contour J m are indicated with a dot. 

The sites not contributing data are left unmarked. 

3.3. Time-Series Maps of Jrn at KSC 

Sequences of maps of J m have been derived for a number of 

thunderstorms at KSC using the computer method described in Section 

3.2. These maps show the development of J m at the ground as a 

function of both space and time and, to the best of our knowledge, 

they represent the first attempt to describe the location, movement, 

and electrical intensity of thunderstorms using contours of J m• 

For convenience, Figs. 3.4 to 3.17 show all the storm current 

maps that we have derived in chronological order. More detailed 

discussion and comments on specific storms and maps will be made in 

the following sections. These maps include TRIP storms on 13, 19 July 

1976; 22 July and 8 August 1977; and 11, 17, 19,31 July and 12, 13 

August 1978. Maps are also given for the four 1981 storms on 17, 20, 

30 July and 7 August 1981 that were discussed in Chapter 2, • 

Each individual map shows contours of the two-and-a-half

minute averages of J m that were derived at each field-mill site. The 

ending time of the averaging interval is indicated under each map. The 

x's plotted on several of the maps show the x-y locations of lightning 

caused changes in the cloud charge distribution. These locations were 

computed using the least-squares minimization procedure discussed by 

Jacobson and Krider (1976) and Krehbiel et ale (1979) and a point

charge model (Maier and Krider, 1984). 
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The open circles shown on maps for July 19, 1976 and August 8, 

1977 correspond to the horizontal positions of the c~oud charges in 

individual strokes, and each group of circles represents an entire 

flash. These results were derived by Krehbiel (1981) using electric 

field change data and a least-squares minimization procedure. 

Finally, the heavy dashed and solid contours on the July 22, 

1977 and JulY'11, 1978 maps (Figs. 3.6 and 3.8) show a plan view of the 

radar echoes at 7.5 and 10 km, respectively, at 5-minute intervals. 

These data were obtained from the NMIMT 3-cm fast-scanning 

surveillance radar (Krehbiel and Brook, 1979). By applying a broad

band noise technique, this radar was able to scan storms vertically at 

a rate of 3 revolutions/second and provide complete hemisphere 

coverage every 20 seconds. 

3.4.1. Storm on July 11, 1978 (Day 192) 

Figure 3.8 shows the patterns of J m for a small, isolated 

storm on July 11, 1978. This storm formed along a convergence 

between a southwesterly flow over southwest KSC and an easterly 

seabreeze. Strong northeast winds above 6.7 km helped to minimize 

thunderstorm activity on this day by shearing the tops of clouds to 

the southwest as they reached this level and by keeping the 

development that did occur small. 

The maps in Fig. 3.8 illustrate two common features of all J m 

maps: (a) the patterns of Jm tend to be symmetric about the 

locations of lightning charges and intense radar echoes, and (b) the 
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current patterns develop and change shape slowly with time. This 

latter result is consistent with the single station measurements of 

J m that we discussed in Chapter 2 and Figs. 2.14 to 2.16 and 2.18. Of 

course, a single station measurement can provide only a relative 

indication of the strength and behavior of thunderstorm current 

sources aloft, and little can be inferred about their location, 

geometry, number, and movement. Multiple-station measurements, on the 

other hand, remove most of the ambiguities that are in the single site 

data. The values of J m can be contoured, and the resulting pattern of 

iso-current lines will indicate the approximate location, geometry, and 

intensity of electrical centers aloft. 

In Fig. 3.8 the initial J m contour is due to the start of a 

storm near the center of the network. The radar and patterns of J m 

are in good agreement on the beginning phases of this first storm, and 

both indicate that it developed slowly and drifted westward. The 

radar record also shows that a second, much smaller storm began to 

develop just north of the first in the five-minute interval prior to 

19:31 UTa During the development of the second storm, the J m contours 

did not give a clear indication of its presence until map frame 

19:40:57. We note, hO,wever, that the second storm underwent a rapid 

vertical growth with just a small turret during the five-minute 

interval between 19:36 to 1941 UT (note the 10 km echo in this storm 

in map frame 19:40:57), and it is possible that the electrical currents 

in this storm first "turned on" at about 19:40 UTa Similar delays 

between the onset of radar echoes and the development of electrical 

activity have been reported by Workman and Reynolds (1949), Reynolds 
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and Brook (1956), and Lhermit te and Krehbiel (1979). This event, and 

others like it, are of great interest because they may indicate the 

currents that are associated with individual elements of convection 

(see discussion in Section 3.5.1). 

One method for comparing the temporal development J m with 

other measures of storm activity is to determine the time behavior of 

the total current at the ground by integrating J m under the storm. 

Figure 3.18 shows the time variation of the area-integrated current 

density I (lower graph) and aD/at at three selected field-mill (FM) 

sites on July 11, 1978. Figure 3.18 also shows a histogram of the 

total number of lightning discharges that were detected by the field

mill network in successive two-and-one-half minute intervals. The 

variation of I on this day shows two peaks, and the larger one is 

reasonably well correlated with lightning activity. As discussed 

above, the J m maps for this day (i.e., Fig. 3.8) show that the two 

current maxima are actually due to separate storm cells. 

A close examination of the time variation of I in Fig. 3.18 

shows an even finer structure that is not readily apparent in the J m 

pa t terns. Note that there is an initial current growth to 0.15 A at 

19:20 UT and that this development is followed by a short pause and 

then a rapid rise to peak. Note also that there is a shoulder in aD/at 

at FM site 20 at 19:33 and that this feature is coincident with an 

increase in lightning activity. It is possible that these small-scale 

features are associated with the development of individual convective 

elements within the storm. 
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As a final comparison, Fig. 3.19 shows five-minute surface 

rainfall data that were recorded at FM sites 10, 17,- and 18. Much 

smaller amounts of rainfall were measured at FM sites 7, 11, and 12, 

and no rainfall occurred at any other site. Here, we find that the 

distribution of J m in both space and time is consistent with surface 

rainfall, just as it was with radar echoes and lightning charges. This 

rainfall record also helps to emphasi~e one problem that may be 

encountered when attempting to derive J m using KSC field-mill data -

i.e., the occasional failure of a field mill during periods of heavy 

precipi ta tion. 

On July 11, 1978, FM 17 failed after 19:20 UT and remained out 

for the rest of the storm period. There is a slight distortion of the 

J m contours in the subsequent maps (i.e., note slight flattening of 

pattern near FM 17 in maps 19:23:15, 19:25:49, and 19:28:09); however, in 

this case the errors are not large and, they become smaller with time 

because the storm center drifted westward away from FM 17. 

3.4.2. Storm on July 22, 1977 (Day 203) 

Figure 3.6 shows a sequence of J m maps for a relatively small 

storm on July 22, 1977. This storm formed initially just west of FM 

site 22 near the east bank of the Indian River around 18:20 UT. This 

storm lasted about one hour but was not ideally located because it 

was near the perimeter of the field-mill network. Nevertheless, the 

patterns of J m in Fig. 3.6 are still in good agreement with the radar 

echoes and lightning charge locations. 
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From just the J m maps alone, we can easily detect two major 

periods of electi."ical activity, the first reached a peak around 18:31 

UT and 'the second one peaked around 18:44 UTe We also note a 

northward stretching of the iso-current lines in map 18:36:31 and a 

possible intensification of the pattern in the following frame. The 

radar data show that the pattern of J m development is consistent with 

the dynamic evolution of the storm. 

The record of surface rainfall is also consistent with the 

pattern of J m development in Fig. 3.6. Rain gauges indicated that rain 

fell only at FM sites 18 and 22 during this storm. At FM site 18, 

there was rain from 18:30 to 18:50 UT, and the maximum occurred at 

18:40 UTe Only a small amount of precipitation was measured at FM 

site 22, and this all fell during the first storm period. 

The total I on July 22, 1977 is plotted in Fig. 3.20 and agrees 

with the time variation in storm development described above. There 

are three maxima in I at about 18:30, 18:40, and 18:45 UT, with the 

latter two forming a kind of double peak. These peaks are also 

exhibited in aD !at at FM sites 18, 20, and 22, and the lightning 

activity shows a very good correlation with the time variations in I. 

The radar and J m contours indicate that each of these peaks 

correspond to distinct convective elements that are perhaps individual 

cells. The lifetime for these events is approximately 10 minutes, and 

as we have noted in Section 2.6, is similar to that observed for 

isolated radar echoes. 
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3.4.3. Storm on July 13, 1976 (Day 195) 111 

The maps on July 13, 1976 shown in Fig. 3.4 illustrate very 

clearly how patterns of Jm can be used to detect initially and then 

follow the development of new cells in the presence of ongoing 

activity. 

At 16:50:31 there is a single storm centered neal" FM sites 2 

and 7 at the top of the network. The lightning charge locations are 

located in the center of the contours in both this map and jn the 

following map that also shows how the storm has moved northeast and 

intensified. However, by 16:55:39, a closed 0.25 na/m 2 contour has 

appeared in the southeastern portion of the network near FM sites 10 

and 24. This is then followed by the development of a small storm 

near FM site 10 that moves eastward over the tip of the cape. By 

17:24:20, this second storm has moved offshore (note location of 

lightning charges) and there is no longer thunderstorm activity over 

most of KSC. 

In map 17:32:03 we find closed contours of 0.5 na/m2 on the 

east and west side of KSC near FM sites 16 and 18, respectively. 

Larger storms subsequently developed in both of these locations, and 

the one to the west produced peak current densities of about 9 na/m2, 

as shown in the map 17:47:30. Note the very good agreement between 

the location of lightning charges and the iso-current lines for this 

storm. 

3.4.4. Storm on August 8, 1977 (Day 220) 

Figure 3.7 shows maps at J m on August 8, 1977. Here J m 

patterns show an offshore storm northeast of KSC that moved inland 
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around 18:09 UTe The maps also suggest the development of the small 

storm over the Indian River west of FM site 18 around 18:14 UT and 

clearly show its presence by 18: 19 UTe By 18:24 UT, the activity was 

concentrated over central KSC near FM 11 (that failed at this time due 

to heavy precipitation), and the lines of J m also indicated activity 

close to FM site 7 (probably just to the southwest of this site). The 

contouring program cannot accurately reproduce the position of the 

storm lying offshore northeast of KSC at the start of the storm, and 

also has difficulty on the storm (or storms) that developed west of 

the network after 18:10 UTe Our main reason for describing this map 

sequence is to note that even with such contouring problems, the 

changes in the pattern of J m are still consistent with the time 

development and locations of the various storms. 

3.4.5. 1981 Storm Maps 

The maps of J m for storms on July 17, 20, and August 7, 1981 

(Figs. 3.14, 3.15, and 3.17) illustrate some additional features 

displayed by the current patterns during the development and evolution 

storms at KSC. These maps can also assist our interpretation of the 

single station measurements as discussed in Section 2.6 (see Figs. 2.14, 

2.15, and 2,.18) which otherwise would have been difficult. 

July 17, 1981. Figure 3.14 shows maps on July 17, 1981. The 

sequence starts at 19:48 UT during the initial growth of a large, 

stationary storm that was centered 2.5 to 3 km north of WSB. The J m 

patterns show that this first storm reached peak intensity around 

20:01 UT and then quickly decayed. The storm then reintensified and 



reached a second peak about 10 minutes later. 
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Both of these 

developments are clearly shown in the direct measurements of J m in 

Fig. 2.14. 

From about 19:50 UT on, an interesting elongation or bulge in 

the contours becomes apparent along a line extending southeast from 

FM site 6 (see map frames 19:50:37 to end). We then find that along 

this axis new' cells formed with a steady eastward progression and 

each successive storm was probably being initiated by the low level 

outflow from the preceding cell. In the map sequence shown here, the 

time interval between successive storm (time between peak intensities) 

is aprpoximately 10 minutes. In the single station data at the WSB, 

these later storms to the east (and the maps hint of later activity to 

the north as well) probably account for both the lack of symmetry 

starting at about 20:20 UT and the persistent low amplitude "tail" 

shown in the time variations of J m in Fig. 2.14. 

Ju~~19..!U. Figure 3.15 shows the patterns of J m on July 

20, 1981. A large storm was located to the west of WSB and dominated 

the measurements of J m shown in Fig. 2.15. The iso-current lines 

start to show an elongation to the southeast from FM 7 at about 19:14 

UT, and this is followed by subsequent storm development similar to 

that observed on July 17, 1981. It is plausible that the large storm 

that dominated the measurements at WSB was simply one in a series of 

storms which developed along this northwest to southeast axis, and as 

noted in Sec. 2.6, the earlier and later development of other storms 

on this day may partially account for the relatively slow rise to peak 

of J m dis played in Fig. 2.15. 
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One feature of interest in Fig. 2.15 was the ~mall peak in J m 

at 20:20 UTe The maps in Fig. 3.15 show that this peak was produced by 

a second, much smaller convective cell near the WSB (see maps 20:10:21, 

20:20:36, and 20:30:51). This storm is similar in intensity and duration 

to the small storms on July 22, 1977 and July 11, 1978. 

~ 7, 1981. Figure 3.17 shows maps of J m on August 7, 

1981. Here, note particular ly the behavior from 23: 12 to 23: 27 UT, a 

period when a second peak was observed in J m at WSB (see Fig. 2.17). 

The maps indicate that this peak may be the result of a small 

convective cell that formed west of WSB around 23:12 UT, and then 

advanced rapidly eastward across the measuring site. It is interesting 

to note that the maximum of J m on the maps occurred close to 23:12 

UT, but because of the storm's motion, the maximum J m at WSB did not 

occur until 23:17 UTe 

3.5. storm Currents from Maps of J m 

3.5.1. Interpretations of Area-Integrated J m 

In Section 3.4, we obtained an estimate of the total 

thunderstorm current by integrating the distribution of J m on the 

ground under the storm (see Figs. 3.18 and 3.20). A knowledge of this 

current is valuable because it provides certain limits for both the 

total current flow aloft and the average charge transport from the 

cloud to earth. Since J m is solenoidal, an area-integral of Jm at the 

ground (within the J m = 0 contour line) provides a reasonable lower 

limit to the total storm current above the ground. The latter 

includes the main currents within the cloud and also the currents 
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associated with precipitation, cloud screening layers, and space charge 

near the ground. It is a lower bound because some of the lines of J m 

that are produced by cloud currents may not intersect the earth's 

surface (e.g., see Fig. 1.1) and, therefore, will not be included in the 

surface measurements. 

The integral of J m under certain conditions also represents an 

upper limit for the average rate of charge· transport to the earth. 

For instance, in a steady-state situation (i.e., aDJat = 0), the total 

current will equal the average rate of charge transport to the earth. 

An example of a steady-state situation is shown in Fig. 2.12; but, 

unfortunately, the fields are rarely steady during an active 

thunderstorm. 

During active lightning periods, the displacement current 

dominates J m in the intervals between lightning discharges, and at 

these time, J e and J c are often negligible. Therefore, between 

lightning discharges, the values of I are quite clearly upper limits 

for actual charge transports to the earth. The values of I represent 

integrations over two-and-one-half-minute intervals that usually 

include several lightnings. If during this integration interval all 

discharges are within the cloud, then these flashes will transfer no 

charge to the ground and we can conclude that the total current still 

represents an upper limit for the actual charge transport to earth. 

When there is cloud-to-ground lightning, charge is impulsively 

transported to the earth. Unfortunately, we are not able to place any 

limits on the time-average lightning current because we do not know 

what percentage of the source currents are being measured on the 
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ground. During active storm periods, the dominant component of .lm is 

aD/at, and it may sometimes be true that the total suface current is a 

good approximation to the total storm current (i.e., all lines of J m 

intercept the ground). If this is true, the time-average lightning 

current is approximately equal to the fraction of cloud-to-ground 

lightning times I. 

Figures 3.18 and -3.20 show the area-integra ted current under 

the two small storms on July 11, 1978 and July 22, 1977, respectively 

(see maps in Figs. 3.8 and 3.6). In Section 3.4, we compared this 

current to the radar echoes, patterns of J m, precipitation, and 

lightning rates, and found that it was consistent with these measures 

of storm activity. Here we will take a more quantitative look at the 

currents from these small storms and we will also examine total 

currents from larger storms. 

On July 11, 1978, the total current displayed two maxima that 

coincided with the development of separate storm cells. The larger of 

these two cells produced a peak current around 0.45 A. The second 

current maximum at 19:40 UT had a peak current of 0.3 A, but contained 

nearly equal contributions from both cells. In Section 3.4.1, we noted 

some fine structure in the time variations of total current. For 

example, a small cell around 19:20 displayed a current of 0.15A and 

there may have even been a similar enhancement of a somewhat smaller 

magnitude to the total current at around 19:32. 

The current development on July 20, 1977 (see Fig. 3.20) is 

quite similar to that on July 11, 1978. Here, three successive maxima 

of 0.35, 0.4, and 0.5 A can be discerned, but the latter are close 
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enough together (i.e., 5 minutes) that some mutual contributions may be 

present in these peaks. The maximum J m was aprpoximately 2.0 na/m2 

for both of these small storms. 

We have not derived plots of current vs. time for other than 

those shown in Figs. 3.18 and 3.20 because of the difficulty of 

correctly estimating the current patterns in the regions falling 

outside the field-mill network. We have, however, calculated the 

current under large storms for th~ee of the maps that displayed good 

symmetry and in which the current patterns attained maximum intensity. 

We have calculated total currents for map frames 18:14:21 in 

Fig. 3.10 (July 19, 1978), 20:00:52 in Fig. 3.14 (July 17, 1981), and 

20:08:08 in Fig. 3.16 (July 30, 1981). The storm on July 19, 1978 had a 

maximum J m around 7 na/m2, and the storms on July 17, 1981 and July 

30, 1981 had maxima around 12 and 14 na/m2, respectively. The area 

integration of the patterns of J m on these current. maps give total 

currents of about 1.6, 3.5, and 3.5 A. Here, we have integrated only to 

the 0.25 na/m2 contour so that these values may actually be slight 

underestima tes. 

From the results presented in this Section, we conclude that 

small storms or individual convective elements produce currents on 

the order of 0.1 to 0.5 A. These values are in good agreement with 

the currents that have been inferred above clouds from simultaneous 

measurements of electric field and conductivity (Gish and Wait, 1950; 

Stergis, Rein, and Kangas, 1957). 

In general, the large storms produce peak currents that a~e 3 

to 5 times (or more) larger than those in small storms, and the large 
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storms often last from 2 to 4 or more times as long. We also note 

that the maxima of Jm for the large storms is greater by a similar 

factor as the total current. Perhaps the convection elements in large 

storms are themselves larg~r and more intense and, thereby, have a 

higher current output. Large storms could also be simply a collection 

of smaller elements, each similar in current output to the smaller 

storms. More detailed radar studies in conjunction with measurements 

of J m will be required to more fully understand the connection 

between storm size and the pattern of J. 

3.5.2. Modeling the Current Sources Aloft 

We will now describe our initial attempts to infer the 

characteristics of thunderstorm current sources from maps of Jm• For 

these analyses we first selected just maps that exhibited a good deal 

of symmetry and that were centered near the locations of lightning 

charge and strong radar echoes. Next, we attempted to invert the 

pattern of J m to obtain a total source current using a least-squares 

minimization procedure (see Section 3.3) and/or visual fits to the 

data, and two limiting models of the cloud current source and the 

atmospheric environment. A detailed description of these models is 

given in Appendix C. 

The first model (Model 1) is simply a point source of current 

imbedded in an insulating atmosphere. In this situation, Jm at the 

ground will be entirely a displacement current that is produced by the 

time-varying fields of the point charges aloft. The second model 

(Model 2) is a steady-state model with non time-varying fields. Here, 
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Jm is entirely a conduction current, but the atmosphere is allowed to 

have an exponential increase in conductivity with altitude. Any 

changes in the conductivity profile, such as those that might be 

present at a cloud boundary, are ignored. 

Figures 3.21 to 3.23 show examples of good model solutions 

(i.e., solutions that produce small residual errors) that describe the , 

Jm data in Figs. 3.6, 3.9, and 3.10, respectively. We note that both 

models provide good fits to the measured data in each of these 

examples, and describe the horizontal variations of the measured 

values of J m rather well. In view of the large experimental errors, 

however, a large number of model solutions could be fitted to the 

data; and, therefore, our solutions are not unique. The experimental 

maps do provide a good measure of the locations, movement, and 

relative intensities of the storm currents; but the accuracy of our 

experimental data, taken alone, are not adequate to provide a unique 

characterization of the electrical generator aloft. 
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CHAPTER 4 

MEASUREMENT OF POLAR CONDUCTIVITIES 

4.1. Review of Past Studies 

In past years, there have been only a limited number of 

measurements of atmos~heric conductivity under thunderstorms. In 

some of these studies, there were no appreciable changes from the 

typical values found in fair weather. For example, Whipple and Scrase 

(1936) reported that Starr found no abnormalities in air conductivity 

at Kew Observatory during thunderstorms, except for temporary changes 

associated with lightning, and these lasted only a few seconds. 

Similarly, Freier (1962) found no evidence that the ground level 

conductivity increased under storms, except when cooler downdraft air 

arrived at the measuring site. Freier (1964) also found that the 

relaxation time of air at "treetop level," determined by measuring the 

decay time of 

electrostatically 

Anderson et ale 

charge placed on 

shielded field mill, 

(1966), applying the 

isolated stators 

was 600 to 900 

same technique in 

of an 

seconds. 

rooftop 

measurements, observed . relaxation times of 800±100 seconds for each 

ion polarity throughout a storm. We note, however, that during the 

latter study, only one polar conductivity was measured at a time, and 

this was integrated over a period of 30 minutes. 

123 
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Other investigators (e.g., Winn and Moore, 1972; Rust and Moore, 

1974) have found that the polar conductivities at ground level show a 

strong dependence on the direction and magnitude of the local electric 

field, and undergo large variations during thunderstorms. But even in 

these experiments, the total conductivity crt = cr+ + cr_, remained close 

to typical fair-weather values even under extreme field conditions 

(e.g., see Table 1 in Winn and Moore, 1972). 

4.2. Present Study 

In order to clarify some of the previous observations and to 

test the validity of Eq. (1.17) when the Maxwell current is steady, the 

air conductivity was measured routinely at the WSB site throughout the 

summer of 1981. 

4.2.1. Experimental Setup 

Figure 2.4(d) shows the configuration of the air conductivity 

sensors at the WSB site. The instruments were placed above ground, 

and 0.5-m-long intake tubes sampled the air at a height of 20 cm. A 

wooden rain shield protected the sensor electronics from 

precipita tion. The operation, construction, and calibration of the 

conductivity sensors is discussed in Section 2.1 and Appendix A.3. 

An estimate of some of the errors in these measurements can 

be made for this experimental configuration. For example, there will 

be some loss of ions to the walls of the air intake ducts by 

diffusion. Based on an unpublished report by Hoppel (personal 

communication), we estimate that this loss will be only 4-8 % for our 
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geometry (an intake duct of 10-cm diameter, 50-cm length, and an 

airflow rate of 60 cfm). We also believe, based on the same study by 

Hoppel, that the losses of ions to the walls of the intake duct due to 

the mutual electrostatic repulsion between ions of the same sign is 

less than 1% for space-charge densities as large as 10 nC/m3, a value 

that is at the upper limit of that found previously at the ground 

below thunderstorms (Standler and Winn, 1979; Chauzy and Raizonville, 

1982). 

There remain other errors, however, that are difficult to 

evaluate. One is that the charge induced on the air intake duct by 

the ambient electric field may greatly reduce the concentration of 

those ions that have the same polarity as this induced charge near the 

instrument. The importance of this effect is hard to evaluate in the 

context of the thunderstorm environment. For example, the induced 

charge at the air intake may not affect the total conductivity if 

there is also a strong electrode effect. This is because those ions 

that have the same sign as the induced charge, and that normally 

would be repelled by this charge, will not be present near the ground. 

On the other hand, the total number of ions entering the instruments 

with sign opposite the induced charge will not be altered (Swann, 

1914). If the distribution of these small ions near the sensors is not 

seriously disturbed by the geometric arrangement of the instruments, 

then a measurement of this polar conductivity should be a good 

approximation to the total conductivity. 

There is in fact evidence of a strong electrode effect under 

thunderstorms in the data of Winn and Moore (1972). Their instruments 
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were mounted in an underground vault, and do not, therefore, have the 

possible error due to induced charge on the sensors. Adkins (1959) 

noted theoretically that an electrode effect should be observable 

whenever the absolute value of the field exceeds 500 V 1m, and he 

presented measurements to demonstrate the effect. Adkins 

experimental setup was similar to that employed here, i.e., the sensors 

were mounted above ground. 

To summarize, we believe that measurements of the air 

conductivity due to ions that have a sign opposite to the induced 

charge on the sensors will be accurate to about 10 % in high fields, 

and both polar conductivities should be accurate to about 10% when 

the thunderstorm field is below about 500 V 1m, if the small ion 

distribution is not greatly disturbed by the sensors. Also, as noted 

above, if a strong electrode effect is present when the field near the 

ground is large, then the total conductivity will be closely 

approximated by a measure of the dominant polar conductivity. 

4.2.2. Results 

Table 4.1 presents several examples of the polar 

conductivities found at the WSB site under thunderstorm conditions and 

during fair weather. Note that the values are grouped according to 

the weather conditions and the value of the surface electric field, 

and that the results show the same strong field dependence as those 

previously published by Winn and Moore (1972). For large fields, the 

total conductivity is dominated by ions that have a sign opposite to 

the induced charge on the surface, and this in turn indicates the 
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Table 4.1. Observations of the electrical conductivity of air at KSC 
during summer 1981. 

Conditions Date Time 0+ 0 (10~h 
E 

UT (10- 14 (10- iit (kV!m) 
mhos!m) mhos!m) mhos!m) 

Fair weather -------July 9 1610 0.3 0.3 0.6 -0.18 
July 30 1745 0.3 0.3 0.6 -0.12 
August 5 1900 0.8 0.8 1.6 -0.14 
August 7 1800 0.2 0.2 0.4 -0.34 
August 10 1710 1.1 0.7 1.8 -0.18 

Haze at 
experiment 
site July 31 1650 0.2 0.2 0.4 -0.34 

Under 
thunderstorm -------E>O July 17 2131 0.1 1.2 1.3 6.0 

July 20 2035 0.3 0.7 1.0 8.3 
July 22 2230 0.2 0.9 1.1 !J.1 
July 23 2010 0.1 1.1 1.2 4.8 
July 30 2038 0.1 0.5 0.6 3.3 

E<O July 17 2159 0.6 0.6 1.2 -4.1 
July 19 2200 0.9 0.1 1.0 -4.0 
July 22 2100 0.3 0.1 0.4 -1.5 
August 7 2254 0.6 0.1 0.7 -1.5 

low lEI July 17 2001 0.5 0.3 0.8 -0.10 
July 19 2051 0.3 0.5 0.8 0.38 
July 20 1848 0.3 0.4 0.7 0.40 
August 2 1955 0.8 0.7 1.5 -0.27 
August 7 2232 0.3 0.1 0.4 -0.37 

Heavy 
precipita tion 
at experiment 
site July 20 1910 6.0 7.2 13.2 2.0 
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presence of a strong electrode effect near the ground. For small 

fields, both polar conductivities have comparable magnitudes, and the 

total value under thunderstorm conditions is comparable to that fail" 

weather. During storms, the polar conductivities undergo large and 

sometimes rapid variations that parallel changes in the surface 

electric field. Al though the polar values are highly variable in the 

thunderstorm environment, we found that the total conductivity (i.e., 

0+ + 0_) usually exhibits much less variation and usually remains 

close to typical fair-weather values. The greatest exception to this 

behavior occurred during a period of very heavy precipitation on 20 

July 1981 when a very large negative ion conductivity was observed. 

4.3. Comments on Egs. (1.16) and (1.17) 

4.3.1. Deduction of ° from Electric Field Data 

In Section 1.5 we noted that at times when J m is steady and 

J c is also steady or negligible, then J e is given by Eg. (1.16). Krider 

and Musser (1982) have used this eguation to plot estimates of J e vs. 

E at six field-mill sites. They found that J e tended to be lineal" in 

E and speculated that the slope of the curve (Eg. 1.17) could be used 

to estimate the air conductivity at each site. The best linear fits to 

their data yielded slopes between 2 to 6 x 10- 13 mhos/me 

In order to test this result, we have attempted to evaluate 

Egs. (1.16) and (1.17) using an adaptation of the computer program that 

we developed to estimate J m from field-mill data(see Section 3.2). We 

calculated values of Je over two-and-a-half-minute intervals for 

seven discrete ranges in E at each of the field-mill sites. Although 



129 

the resolution of J E vs. E uas rather course, the results are in good 

agreement with those of Krider and Musser. Analyses of 10 storms at 

KSC show that J e vs. E tends to be linear between +2 and -2 kV/m and 

that the average slope of the best linear fit to the data is on the 

order of 2 x 10- 13 mhos/me Some representative samples of J e vs. E 

averaged over the active thunderstorm period are exhibited in Fig. 4.1. 

The slope of the best linear fit to J e vs. E at a given site remained 

rather eonstant throughout the storm, and the slopes at all sites 

showed comparable magnitudes and behaviors. 

Since the values of (J = (J+ + (J_ that were directly measured 

at the WSB site are all about an order of magnitude lower than the 

values derived from Eq. (1.17) (see Table 4.1), we infer that the field

mill estimates of J e and (J may not be valid. In the future, it would 

be highly desirable to have more measurements of (J+, (J_, J m, and E at 

the same site and under a variety of storm conditions in order to 

understand this discrepancy better. 

4.3.2. Interpretations of Eqs. (1.16) and (1.17) 

If J m is steady at a given site while the local field recovers 

(e.g., see Fig. 2.12), then Eq. (1.16) should be valid at that point (Eq. 

(1.17) still may not apply). On the other hand, when J m does not 

remain steady, the change in aD/at can sometimes be attributed to the 

advection of space charge that is produced by corona from nearby 

trees and bushes. Under these conditions, the moving space charge 

acts as a local current generator that shields the surface sensor 

from variations in J m occurring above the space charge layer. In 
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Section 2.5, we suggested that this mechanism might explain some of 

the decreases in J m that are observed when there is "a low lightning 

rate (e.g., see Fig. 2.13). These processes could occur during high rate 

situations as well. 

In their tethered balloon experiments, Standler and Winn (1979) 

observed decreases in aD/at 'at the ground while aD/at remained 

constant aloft. There, decreases in aDtat occurred at the same time 

that corona was produced from small potted trees. Occasionally, aD/at 

would begin to decrease at baloon altitude following an earlier 

decrease at the ground. This result was interpreted in terms of an 

upward growth of the space charge layer that eventually reached the 

balloon. Bent et al. (1964) inferred that changes in the space charge 

following large lightning changes in the electric field were caused by 

corona from trees that were 100-200 m upwind from their sensor. 

Adkins (1959) measured small ion concentrations and space charge 

simultaneously and found that the small ion concentrations did not 

change during periods when the space charge was rapidly growing. This 

in turn indicated that the space charge had a low mobility and that 

any small ions had already attached to particles before reaching the 

sensor. In our case, all of these observations may explain why Eqs. 

(1.16) and (1.17) are not always valid, and this last observation 

indicates how Eq. (1.16) may hold under circumstances where Eq. (1.17) 

is not valid. 

Finally, we note that although Eq. (1.17) may not yield a 

correct 0, it still implies an "effective" relaxation time of 40-50 sec 

near the ground. This effective relaxation time is a factor of 20 
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faster than the measured relaxation times (i.e., 800-1000 sec). Freier 

(1962) has argued that because of the low air conductivity near the 

ground, the rapid recoveries of the electric field following lightning 

imply the existence of a core of high conductivity in the cloud. 

Unfortunately, Freier neglected to consider the possible growth of low 

mobility space charge at the surface due to corona processes. The 

results obtained in Section 4.3.1 suggest that when J m is constant 

above the space charge layer, there is no need to invoke a high core 

of conductivity in the cloud, even when there is close lightning. 

(Illingworth (1972) and Michnowski (1973) have already pointed out that 

rearrangement of space charge outside the cloud can account for rapid 

field recoveries of distant lightning.) 



CHAPTER 5 

CONCLUSIONS AND SUGGESTIONS FOR ADDITIONAL RESEARCH 

In this dissertation, we have described the first direct 

measurements of the 

thunderstorms. These 

Maxwell current density, 

data show that J m can 

J m, under active 

be measured in a 

thunderstorm environment and that J m contains important information 

about the characteristics of thunderstorm generators. We have found 

that J m is usually dominated by the displacement current component 

and that it is generally quasi-steady over periods of a few tens of 

seconds, even in the presence of lightning. Over longer times, J m 

evol ves slowly and over times that are comparable to those required 

for storm development. Since J m is a solenoidal vector, the 

measurements of J m at the ground can often be interpolated to provide 

characteristics of current sources aloft. These efforts suggest that 

the cloud current sources are quasi-steady and, therefore, that the 

cloud electrification processes are closely coupled to the 

meteorological structure of the storm and/or the storm dynamics. The 

results also indicate that the cloud charging processes probably do 

not depend on the cloud electric field. 

Field-mill data have been used to estimate J m under 

thunderstorms at KSC, and comparisons of the iso-current lines on J m 

maps with the locations of intense radar echoes and lightning charges 

show that these maps do provide a good indication of the location and 

133 
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relative intensity of thunderstorm current sources. The area 

integrals of J m provide at least a lower limit to the total current 

aloft and, under certain circumstances, an upper limit to the total 

charge that is transported to earth by corona processes and lightning. 

In the transition from a fair-weather to a thunderstorm 

environment, J m increases 3 to 4 orders of magnitude, i.e., from peak 

values of 1 to 2 pa/m2 to 2 to 20 na/m2• By comparison, the surface 

electric field changes only one or two decades. Workman and Reynolds 

(1949) and Reynolds and Brook (1956) have shown that the initial 

growth of E coincides with rapid vertical development in the cloud and 

usually preceeds the first lightning by 5 to 10 minutes. The wide 

variation in J m suggests that perhaps this electrical variable could 

provide an even more sensitive indication of the initial 

electrification in clouds, particularly in the early stages. 

Unfortunately, our observations were restricted to storm level current 

densities; therefore, future work will be needed using instrumentation 

having a wider dynamic range to study the current transitions from 

fair weather to storm conditions. Studies with more sensitive 

instrumentation will also be useful in determining whether J m data 

could increase the lead time in forecasting thunderstorm development. 

Another suggestion for future work is to study the electrical 

development of thunderstorms with a network of Maxwell current 

sensors. Such sensors might be combined with the field mills at KSC, 

for example, to take advantage of the sites and data recording 

equipment already in place. Before a network of J m sensors is 

deployed, however, it will be necessary to develop and test a sensor 
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that can be operated remotely and that is automatic. We suspect that 

the most difficult problem in the development of an automatic current 

sensor will be to maintain a high level of insulation between the 

collector and the ground. 

At KSC, the computer programs that we developed to estimate 

dm from field-mill data (see Section 3.2) could be implemented in near 

real-time. Sequences of maps could be produced and displayed visually 

to indicate the development and evolution of thunderstorms. We 

conclude fr'om the research described here that maps of J m will 

provide a much better indication of the location, intensity; and motion 

of storm cells aloft than can be obtained from maps of E or ilE. 

Therefore, we recommend that some version of our dm programs be 

installed at KSC as an operational tool. 



APPENDIX A 

INSTRUMENT CALIBRATIONS 

A.1. Calibration of the J~~~ 

Figure 2.3 shows a schematic diagram of the J m sensor and the 

associated electronics. The circuit contained a Burr-Brown 3430K 

electrometer amplifier that was used as a current-to-vol tage 

converter. In this configuration, the input current to the amplifier 

is related to the output voltage by 

(A.1 ) 

The input current is also related to the Maxwell current density J m 

going away from the sensor (i.e., upward) by 

where Ae is the effective area of the collector. At the frequencies 

of interest in this study (~10 Hz), the second term on the right-hand 

side of Eq. (A.1) is negligible, and 

l36 
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Ae could be determined by a direct experimental measurement 

of a known current density; however, this was difficult to do in 

practice because of the large size of the collector and the presence 

of grass 10-20 cm tall on the sensor. Instead, we simply assumed that 

Ae equalled the area enclosed by the mid-line of the gap between the 

square c~llector box and the surrounding ground, or 

2 
Ae = [(width of collector) + (gap distance)] • (A.4) 

Ae could be expressed as kAg, where Ag is the actual geometric 

area of the collector and k is an experimentally determined constant. 

Application of Eq. (A.4) to the J m sensors gave Ae = 1.10 Ag. This 

method for determining Ae is supported by comparisons between the 

experimental k for two circular flat plate antennas used by the 

University of Arizona group to measure fast E variations and the value 

obtained by geometrical calculation. The results of these comparisons 

are given in Table A.1 and show that the calculated k's are within 5 % 

of the measured values. 

Table A.1. Comparison of measured and calculated calibration 
constants for two electric field sensors • 

Antenna Measured k • Calculated k 

0.02 m2 1.12 1.10 

0.02 m2 1. 04 } 1.04 
1.10 

* Adapted from Weidman, 1982 - Tables 12, 13. 
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In Section 2.6, we showed that there appeared to be a 

systematic error of 15-20 % between J m and aDlat derived from field

mill data. Unfortunately, we do not know how this error is 

distributed between the two instruments. 

A.2. Calibration of the Electric Field Mill 

A.2.1. Absolute calibration 

An absolute calibration of the electric field mill used at the 

WSB site was obtained by placing the instrument within a large 

calibration chamber that produced a known, uniform field such as would 

be encountered by the sensor in a natural environment. Figure A.1 

shows a sketch of this calibration chamber. An electric field was 

created by a placing a known potential between the top screen and the 

ground plane. Edge effects were reduced by surrounding the chamber 

with four equally spaced wire guard rings, each at a progressively 

lower potential. With this set-up, electric fields covering the full 

dynamic range of the field mill (±15 kV 1m) could be generated within 

the chamber. 

The overall dimensions were chosen to be large enough to 

provide an absolute calibration of the sensor to within 2%. The field 

within the calibration chamber was assumed to be Ez = (V top plate)/h 

(see Fig. A.1) by both experimental methods and theory. The theory 

modeled the field mill as an elliptical boss so that distortions of 

the equipotential surfaces in the vicinity of the instrument could be 

calculated (Kasemir, 1971). 
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A.2.2. Calibration Check with Test Plate 

Unfortunately, the calibration chamber was too large to be 

taken to the KSC experimental site. Therefore, a small test plate 

that could be placed 20 mm above the field mill stators was used to 

provide at least a relative calibration. Throughout the 1981 

experiment in Florida, and later on at the University of Arizona, all 

test data indicated that the relative field-mill calibration was 

constant to within 2 %. However, when the absolute calibration of the 

sensor was repeated after the experiment, it was found to 

overestimate the true field by 9 %. This result showed that the test 

plate was not a reliable calibrator, and this in turn makes the true 

calibration of the sensor in Florida uncertain. 

An unpublished study (Krider, personal communication) reported 

that with a close test plate (20 mm), the field-mill output was 

almost independent of rotor-stator spacing (-3%); but with 100-mm 

separation, a change in the rotor spacing from 2 to 6 mm produced a 

12% reduction in the field-mill output. Perhaps a wider plate spacing 

(i.e., 100 mm or more) would have been a better simulation of the 

atmospheric field that the instrument is designed to measure. 

A.2.3. Calibration with a charged wire 

A long charge wire can be suspended above the field mill to 

provide an independent absolute calibration of the field mill (Kasemir, 

1971). In this configuration, the long wire produces a rather uniform 

field near the ground with a value of the vertical component that is 

given by 
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E - _L- (_1 + _1 ) 
z - R.n(2h/b) h-z h+z' 

(A.5) 

where cf> is the potential on the wire, b is the wire thickness, and h is 

the height of the wire above the ground. We have tested the long wire 

method and found that it ga,!,e excellent results. Unfortunately, this 

method was not tested until after the summer 1981 experiment and, 

therefore, the absolute calibration is still in doubt. One drawback 

with the wire method is that there is a rather low limit to the 

maximum field that can be produced near the ground and, therefore, a 

calibration over the full dynamic range' of the instrument is not 

possible. 

A.3. Conductivity Meters 
A.3.1. Theory 

Figure A.2 shows a schematic diagram of the Gerdien 

cylindrical capacitors that were used at the WSB site and the 

associated electronics. It can be shown that when the volumetric flow 

rate of the airstream is M and the potential difference between the 

electrodes if V, then there is a critical ion mobility kc given by 

(Israel, 1970) 

k = c 
8 0 M 

C V 
(A.6) 

Now, for each ion mobility k, all ions with k~kc will be collected, and 

all ions with k<kc will have the fraction k/kc collected. In Eq. (A.6), 

C is the effective capacitance of the instrument. 
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FIG. A.2. Sketch of (a) Gerdien cylindrical capacitor and (b) the 
sensor electronics. 
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The air conductivity near the surface is dominated by small 

ions with mobilities on the order of 1-2 cm2/v·s. If k is "selected" c 

to be much larger than this (e.g., say 5 cm2/V·s) then the current 

that is collected on the inner electrode will be given by 

+ where f(k) [f(k)-] is the continuous density distribution of positive 

(negative) ions as a function of mobility and e is the charge on an 

electron. Since the positive or negative polar conductivity is 

(A.8) 

we find using (A.6)-(A.8) that 

(A.9) 

For our instruments, this last expression is more conveniently 

expressed as 

-e: (v-v) 
a 

= _o ____ ~ 
± C V± Rf 

(A.10) 

where V z is the output offset voltage when V = 0 (but with the air 

flow on). 
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A.3.2. Calibration 

The conductivity sensors used in this study were constructed 

at the University of Arizona using a design provided by Dr. John 

~i1lett of the Naval Research Laboratory, Washington, D.C. (NRL). In 

order to calibrate each instrument, the effective capacitance C must 

be accurately measured. In order to do this, we used a method 

suggested by Mr. Robert Anderson (NRL). For a discussion of the steps 

of this method, we will refer to Fig. A.2(a) and to the circuit shown 

in Fig. A.3(a). 

Step 

1. Place a signal generator between the outer electrode and ground, 

as shown on the left-hand side of the schematic in Fig. A.3(a). 

2. Place an ac voltmeter between the inner electrode and ground, 

as shown on the right-hand side of this figure. 

3. Connect a 5 krl resistor across the input to voltmeter as 

indicated by R in Fig. A.3(a). 

4. Connect a variable precision capacitor Cv between the inner and 

outer electrodes in parallel with C, the effective capacitance 

of the instrument. (We employed a General Radio model 722-ME.) 

5. Apply a 20-kHz signal and obtain a reading on the voltmeter. 

6. "Just" disconnect inner electrode at point indicated by x in Fig. 

A.3(a). 

7. Adjust the precision capacitor to yield previous voltmeter 

reading. 
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FIG. A.3. Sketch of (a) the calibration circuit and (b) and (c) 
generalized impedance diagrams associated with steps 5 and 
7, respectively. 



146 

When these steps are completed, the 8C required to obtain the 

previous voltmeter reading will be to a good approximation equal to C. 

We can verify this by referring to Fig. A.3(b) and (c). Here, we find 

that 

(A.11a) 

(A.11b) 

where 

Z1 = 

z' = 
1 

1 

XIG and Xs are the capacitive reactances of CIG and Cs ', respectively. 

From Eqs. (A.11a) and (A.11 b), it is now easy to show that 
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(A.12) 

At 20 kHz, XIG ~ 400 kQ and Xs ;:. XIG. Substituting these values into 

A.12, we find that t::.c ~ c. 



APPENDIX B 

CONTOURING PROGRAM 

This program is an adaptation of a physical/mathematical 

interpolation and plotting algorithm that was developed by Dr. Elemer 

Magaziner (NOAA) for the mapping of storm electric fields and 

lightning field changes at KSC. The program defines the independent 

variables to be the magnitudes of a number of equivalent current 

sources that are calculated by solving a linear system of equations. 

The number of these sources is equal to the number of ground 

measurements with valid data, and the horizontal positions and the 

altitudes of these sources are fixed beforehand. 

We will now illustrate the procedure by assuming an insulating 

atmosphere (see Appendix C) as the physical model, and further specify 

that each current source is fixed at a given altitude hdirectly above 

each field-mill site. (The maps presented in Section 3.4 were derived 

using this model with h = 8 km.) In this situation, the current 

density that would be measured at the ith field-mill site, J m., is 
1 

found from Eq. (C.3b) to be 

= I h Sj(X~j,h) 
j= 1 2m:(xi -x j)2+(Xi -y j)2+h2]3/2 

= 
n 

L Aij Sj 
j=1 

, (B." 

where Sj is the strength of the effective current source at (xj'y j,h), 
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Combining all the measurements, we obtain the matrix equation 

All S, 
• 

• = • (B.2) 
• • 
• Sn 

or 

A S = J 

This is a linear system of equations, and S can be computed by first 

ranking J m in order of decreasing value and then utilizing a standard 

maximal pivot strategy on the augmented matrix to compute A-'. Once 

S has been determined, then J m at any arbitrary point on the grou,1d 

(x,y,O) can be found using Eq. (B.n with the location (xi'Yi'O) replaced 

by (x,y,O). 

The procedure was tested by plotting computer simulations of 

known current distributions at the ground using the atmospheric models 

discussed in Appendix C. The results of these tests showed that the 

computer generated contours produced by each of the models were in 

excellent agreement with the given current distribution over the area 

covered by the field-mill network. Outside of this region there were 

often serious distortions in the lines of J m (see Fig. 3.3). Of course 

we note that there is no current density information in the area 

outside of the field-mill network, so that no interpolation procedure 

will assure good mapping there. 



APPENDIX C 

SPECIAL SOLUTIONS TO VeJm = 0 

Although analytical solutions to Eq. (1.5) are difficult to 

obtain in general, we will describe two important special cases that 

provide a conceptual framework for interpreting the results in Chapter 

3. In each case, we assume that there is a spherically symmetric 

current source located at an altitude h above a perfectly conducting 

plane. We also assume that J e = aE, that Ve J c = 0 (i.e., we are 

outside source regions), that E = -V4>, where 4> is the electric 

potential, and that the time variations in the magnetic vector 

potential are negligible. The earth will be assumed to be flat and 

at zero potential, and we will maintain this boundary condition by 

simply using an image source at z = -h. 

Model 1. Insulating Atmo~here 

In this case, the Maxwell current density is due entirely to 

a displacement current that can be calculated from time variations in 

the electrostatic field due to a time-varying charge distribution 

within the cloud (i.e., outside the cloud there is no local 

accumulation or rearrangement of space charge). 

Eq.( 1.5) has the form 

e:o V • aDJat = -a(V24»/at = 0 • 
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For this case, 

(C.n 
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outside the source region. The solution to Eq. (C.1) in cylindrical 

coordinates is simply the electrostatic potential, 

<j>(t) = [q(t)/41TEo] [( 1 Ir) - (1/r')] , (C.2) 

where q(t) is the total cloud charge at height h and time t, r = 

/R2 + (z_h)2 is the distance from the center of the charge 

distribution to the point of interest, and r' = IR2 + (z+h)2 is the 

distance from the image charge to the same point. Figure C.1 shows a 

sketch of the relevant geometry. 

The electric field at altitude z and the associated Maxwell 

current density for this case are 

E(t) (C.3a) 

(C.3b) 

where P and z are the radial and vertical unit vectors. Note that the 

Maxwell current density has the same functional dependence as the 

electric field except that q(t) has been replaced by Eo[aq(t)/dt]. 

Figure C.2 shows the lines of the Jm vector field that have been 

derived from Eq. (C.3). Note that all lines of Jm eventually intersect 

the ground, and that most of these intersections are in the immediate 

vicinity of the source. 
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FIG. C.1. The geometry of a point current source over an infinite 
conductive plane. 



FIG. C.2. 
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Model 2. Steady-State Conduction. 

In this case, first analyzed by Holzer and Saxon (1952), the 

Maxwell current is entirely a conduction current that is caused by a 

steady current source aloft. Here, aD/at is zero and the current 

output of the cloud is exactly balanced by atmospheric conduction. We 

also assume that the atmospheric conductivity increases exponentially 

with height, ° = 00 exp(2kz), and that there are no discontinuities in 

the conductivity, such as might be present at cloud boundary. With 

these assumptions, Eq. (1.5) becomes, in cylindrical coordinates, 

(C.4 ) 

This equation has been solved by Holzer and Saxon (1952) and others 

and yields a potential of the form 

<I> = ~ ex~-K(r+z-h)] + ~ exp[-K(r'+z+h)] 
4noh r 4no_h r' 

(C.5) 

where 10 is the intensity of the cloud current source and 1 0 ' is the 

intensity of the image source. Since <I> = 0 at z = 0, we see that the 

magnitude of 10 ' is given by 

I e-2kh 
- 0 • (C.6) 

With the above potential, the Maxwell current density can be shown to 
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be 

Io 
J mp = O"z Ep = 4n exp[k(z-h) exp(-kr) 

- exp(-kr') l- kR + ..1L] 
r'2 r'3 

(C.7) 

Io [k k(z-h) (z h)] J mz = O"z Ez = 4n exp[k(z-h) exp(-kr) -;: + r2 + r-
3 

, [k k(z+h) (Z+h)] 
- exp(-kr) r' + r'2 + -;::3 , 

where J mp and J mz are the radial and vertical components of J m (see 

Fig. C.1). Figure C.2 shows the lines of steady current flow (or field 

lines) in this case, and here note that only a portion of the total 

cloud current, I o ', flows to the earth. The remaining current 

continues upward to the highly conducting upper layers of the 

atmosphere. The upward flowing fraction of the total current, 

(1_e-2kh )Io' is sometimes said to represent the "efficiency" of the 

thunderstorm as a generator in the global electric circuit (Israel, 

1973). 

Note that if the atmospheric conductivity is constant with 

al titude, i.e., k=O, then the form of the solution for Model 2 becomes 
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identical to that of Model 1. This may often be the case below actual 

thunderstorms because the turbulent mixing will tend to produce a 

reasonably uniform conductivity profile though the planetary boundary 

layer (Kraakevik, 1957). 
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