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During the summer of 1976, about 20 
groups of experimentalists from universi- 
ties and government laboratories joined 
at the National Aeronautics and Space 
Administration Kennedy Space Center 
(KSC), Florida, to initiate Thunderstorm 

sal time (U.T.), a typic 
derstorm formed over 
lasted more than 90 m 
about 140 intraclouc 
ground lightning disci 
erage of precipitation 

Summary. A lightning flash that struck the 150-meter weather 
Space Center was studied by several research groups using variou 
flash had unusually large peak currents and a stepped leader of rel 
tion. The charged regions neutralized by the three return strokes we 
horizontal layer between heights of about 6 and 8 kilometers, wh 
temperatures were about -10? to -20?C. The charge source for th< 
coincided with a vertical shaft of precipitation inferred to have be( 
Charge sources for subsequent strokes were near the edge of the 
tation echo. The overall channel length was about 10 kilometers. A 
intracloud discharge occurred after the three return strokes. 

Research International Program-1976 
(TRIP-76) (1). The authors of this article 
represent six groups whose principal in- 
terests include lightning channel geome- 
tries inside and outside clouds, lightning 
currents and the variations of these cur- 
rents with space and time, the locations 
and magnitudes of cloud charges that are 
neutralized by lightning, and the rela- 
tionship of all of these to the structure of 
cloud precipitation patterns and wind 
fields. 

On 19 July 1976, at about 16:20 univer- 
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U.T. detected by the K 
dar is shown shaded in 

At 16:59:59 U.T. a t 

SC/I E NCE: 

relationships of these quantities to each 
other. We chose this particular flash for 
detailed study both because it struck the 
tower and because it produced peak cur- 
rents that were among the largest ever 
recorded. We believe that the analyses 

Lsh at presented in this article illustrate that co- 
operation among separate research 

?enter groups, using a variety of current re- 
search techniques, can lead to an im- 
proved understanding of. lightning dis- 

cture of charge processes and their relationships 

Ig flash. to thunderstorm structure and dynamics. 

A. Tiller, Observational and Analytical Methods 

fidmann, idman, 
The measurements of interest in this 

Few, Jr., work are summarized in Table 1, arid the 

Poehler, sites at which they were made are shown 
in Fig. 1. Thunderstorm electric fields 

icholson and the changes in these fields produced 
by lightning were recorded by using the 
KSC 25-station electric field-mill net- 
work, a system designed to help assess 

al afternoon thun- hazards to space vehicles from elec- 
KSC. The storm trifled clouds and lightning present be- 
inutes, producing fore and during launch. Each field sensor 
J and cloud-to- had a response time of about 0.1 second. 
harges. The cov- The errors in field values are estimated 
echoes at 17:00 to be less than 10 percent (3, 4). 

Measurements of the structure of elec- 
trostatic field changes caused by light- 

tower at Kennedy ning were made by the group from the 
is techniques. The New Mexico Institute of Mining and 
latively short dura- Technology (NMIMT) at nine locations 
)re located within a covering an area of 11 by 20 kilometers. 
ere environmental Seven of the locations are shown on the 
3 first return stroke map in Fig. 1, the other two being just off 
3n graupel or hail. the map. These measurements had a 
detectable precipi- time resolution of about 1 millisecond 
vertically oriented and a relative accuracy from station to 

station of a few percent. 
The location and magnitude of the to- 

tal cloud charge neutralized by a cloud- 
[SC WSR-72X ra- to-ground lightning flash can be inferred 
i Fig. 1. from the changes in the electrostatic field 
three-stroke light- recorded at the 25 field-mill sites. The lo- 

ning flash (2) struck the KSC 150-meter 
weather tower (see Fig. 1). In this article 
we present a detailed analysis of this 
lightning flash, including the locations 
and magnitudes of cloud charges neutral- 
ized by the discharge, the lightning chan- 
nel geometry and currents, the locations 
of sources of very high frequency (VHF) 
radio emissions associated with the 
flash, radar precipitation data, and the 
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cation and magnitude of the charge neu- 
tralized by each stroke in a flash can be 
determined from the NMIMT measure- 
ments of field change. The total charge is 
the sum of the stroke charges. In both 
cases, it is assumed that the original dis- 
tribution of charge in a cloud is spheri- 
cally symmetrical, a good approximation 
if the dimensions of the actual charge 
volumes are small compared to their 
height above ground. Making this as- 

sumption, the change Eci in the field at a 
horizontal distance Di from a charge Q a 
distance H above an infinitely con- 

ducting ground plane can be described 
by the relation 

1 (j2QH 

47rrT (2 + Di2)312 
(1) 

where the subscript i labels each record- 
ing site, and E0 is the permittivity of free 
space. With this relation, a computer 
search can be performed to find the Q, 
H, and Di that minimize the function 

X2= 
'N (Emi- Ei x2 

(E -Ei)2 
(2) 

i= 1 CTi 

where Emi is the measured field change at 
site i and o-i is the root-mean-square mea- 
surement uncertainty (3, 5). 

The rapid changes in electric and mag- 
netic fields produced by return strokes 
were recorded at three stations by the 
groups from the universities of Florida 
and Arizona, using broadband antenna 
systems with overall 3-decibel band- 
widths from about 0.2 hertz to about 1.5 

Fig. 1. Plan view of Kennedy Space Center (KSC) showing locations of measurement sites, the 
150-m weather tower (WT), reference landmarks, and the radar precipitation echo (shaded area) 
at 17:00 U.T. obtained with a 2.9? elevation angle. Other abbreviations: IMT, Institute of Min- 

ing and Technology; LDAR, Lightning Detection and Ranging System; and VAB, Vehicle As- 

sembly Building. 
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megahertz, yielding a time resolution of 
about 0.2 microsecond (6). Two of the 
stations were located about 10 km apart 
at KSC, the third at Gainesville, Florida, 
about 200 km northwest. The locations 
of ground points struck by cloud-to- 
ground lightning at KSC were deter- 
mined by using recently developed mag- 
netic direction-finding techniques (7). 
Lightning-stroke currents were derived 
from the electric and magnetic fields 
measured at the three stations as dis- 
cussed below (8, 9). 

The waveform of the electric or mag- 
netic field from the first return stroke of 
the flash that hit the 150-m tower admits 
of three interpretations: (i) the peak cur- 
rent in the tower was caused entirely by 
an upward-going streamer; (ii) the peak 
current was caused entirely by an up- 
ward-propagating return-stroke pulse; or 
(iii) the peak current was the result of a 
combination of both an upward-going 
streamer and a return-stroke pulse. 

If the current in an upward-propagat- 
ing streamer is approximately uniform 
with height, which is reasonable for 
short discharges, the peak current Ip can 
be found from the magnetic field change 
B, using 

I 
2ITDoL(t exp- D (tp- r) x 

B(r + 
D 
?d 

I cI 
(3) 

where D is the stroke distance, L(tp) the 
streamer length at tp, tp the time yielding 
peak current, c the speed of light, and t,0 
the permeability of free space (8). On the 
other hand, if the magnetic field peak is 
caused by a return-stroke current pulse 
alone, then the relation needed is 

2TrcD tp c (, )1X p - exp - (tp - r) x 
guoV D 

dB 
7 

i D -d 
drT +- dr 
dr\ c 

(4) 

where V, the return-stroke velocity, is 
assumed constant until the peak occurs 
(8). 

For subsequent strokes, we use Eq. 4 
and the magnetic field waveforms of the 

subsequent strokes to compute the peak 
currents. Current wave shapes of the 

subsequent strokes are determined by 
using the model and techniques devel- 

oped from analyses of many multiple- 
station electric and magnetic field wave- 
forms (10). 

The 150-m tower was directly in- 
strumented to estimate the peak light- 
ning current. A long strip of magnetic 
tape on which an 8-kHz sine wave had 
been recorded was placed perpendicular 
to one guy wire of the tower to measure 
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the peak current in the wire. The mag- 
netic field of the current erases the signal 
on the tape out to a radius indicative of 
the peak current in the wire. Once the 
division of current among the tower and 
guy wires is determined from small-scale 
model experiments (11), the peak light- 
ning current can be estimated. In addi- 
tion to the strip of magnetized tape, a 
Rogowski coil was placed on the guy 
wire and was attached to a flashbulb set 
to fire when the rate of change of current 
in the guy wire exceeded 600 amperes 
per microsecond. 

To locate lightning channels inside 
thunderstorms, the Rice University 
group operated three stations, each hav- 
ing four microphones and an electric 
field-change antenna (12). The micro- 
phones, with 3-dB bandwidths from 
about 0.1 to 450 Hz, were in a square ar- 
ray with 40- to 50-m sides oriented north- 
south and east-west at each station. The 
arrays, at the locations shown in Fig. 1, 
formed a triangle with sides of 1661, 
1063, and 2445 m. The locations of the 
channel segments that produce thunder 
pulses are computed by solving for the 
unique point in space at which the range 
to each array corresponds to the mea- 
sured time delay between the flash and 
the arrival of a corresponding thunder 
pulse at the array. For the data presented 
in this article we did not compensate for 
the effects of wind, wind shear, or tem- 
perature gradients on acoustic wave 
propagation. These effects are not large 
(13). The most significant source of un- 
certainty in determining the location of a 
channel segment is the thunder pulse du- 
ration (14, 15). 

The KSC Lightning Detection and 
Ranging System (LDAR) (16) detects 
electromagnetic pulses in the band 30 to 
50 MHz radiated by electric discharges 
in thunderstorms. The locations of these 
discharges are determined by measuring 
the differences between the times of ar- 
rival of the pulses at five stations ar- 
ranged in several four-station Y configu- 
rations. Remote stations use logarithmic 
intermediate-frequency amplifiers as re- 
ceivers, employing successive detection 
to detect the envelopes of the radio-fre- 
quency pulses. The resulting signals are 
transmitted to a central station over 
wideband (5 MHz) communication cir- 
cuits. At the central station the signal 
waveforms are digitized every 0.05 Atsec 
for 100 ,usec. Signals are analyzed in dig- 
ital form by computer to find the source 
locations from the differences in time be- 
tween the peak signals at the individual 
stations and the central station. Data 
samples of this type can be taken at rates 
up to 400 per second. The actual rate at 
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Table 1. Groups participating in the study and measurements from which data presented in this 
article were derived. The number of stations for each group is also given. 

Number of 
Group Measurement sio stations 

NASA Kennedy Location of sources of 5* 
Space Center 30- to 50-MHz radiation (LDAR) 

Field mills (measurements) 25t 
National Weather Service KSC radar 1 

KSC radar display, visual observations 1 
New Mexico Institute of Fast scanning radar 1 

Mining and Technology Electric field-change antennas 9t 
Rice University Thunder 3 
University of Arizona KSC field mills (analysis) 25 

Broadband electric and magnetic field changes 1 
University of Florida Broadband electric and magnetic field changes 2? 

*One not shown in Fig. 1. tSeven not shown in Fig. 1. tTwo not shown in Fig. 1. 
Gainesville) not shown in Fig. 1. 

which radiation source locations are 
fixed, typically 100 per second, is a func- 
tion of the trigger level selected and the 
activity of the discharges. Errors in 
source locations are minimized by using 

6 

E 

a) 

0 

4u 
c 

0 

0 

o 

.. 
0 

-r 

4 

2 

0 

-2 

-4 

?One (in 

the Y configuration of stations. Experi- 
mental errors are estimated by com- 
paring the results from two different Y 
configurations. For about half the loca- 
tions discussed in this article the errors 

-2 0 2 4 6 8 
Horizontal distance from tower (km) 

Fig. 2. Plan view of Kennedy Space Center showing data for the lightning flash at 16:59:59 U.T. 
Solid dots represent sources of thunder from points along the lightning channel. Dashed curved 
lines mark the envelope of maximum uncertainty in thunder source locations. The ground strike 
point determined by magnetic direction finding (MDF) is shown near the tower, with error bars. 
Solid arcs show the distances corresponding to the first and last thunder recorded at the Univer- 
sity of Florida (UF) station, assuming the thunder traveled at a speed of 350 m/sec, from sources 
near ground. The circle labeled QT shows the location of the -39 C charge computed for the 
whole flash including the intracloud portion, with the circle showing the size of an equivalent 
spherical charge distribution of density -20 C/km3. The centers of the circles labeled Q,, Q2, 
and Q3 mark the locations of the charges -25, -14, and -8 C, respectively, lowered by the 
three return strokes; the error bars show the uncertainty in location and the circles represent the 
size of an equivalent spherical charge distribution of density -20 C/km3. The arrow labeled IC 
shows the approximate location and orientation of a dipole charge which, when neutralized, 
would give the measured moment change of the first 17 msec of the intracloud portion of the 
discharge. The small circles circumscribing letters A through X mark the locations of sources of 
30- to 50-MHz radiation in order of occurrence at the times shown in Fig. 5. 
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in all three dimensions were about 100 to 
200 m; for the remaining points they 
ranged up to several kilometers. 

Two microwave radar systems were 
used to examine the precipitation struc- 
ture of storms at KSC. Both were inco- 
herent pulsed systems operating at 
a wavelength of about 3 centimeters. 
One, the WSR-72X, provided selected 
constant-elevation or constant-azimuth 
scans at about 20-second intervals. The 
other, a fast-scanning system (17), was 
operated by NMIMT at the location 
shown in Fig. 1 near the center of the 
field-mill and NMIMT antenna net- 
works. Its antenna scanned in elevation 
at a rate of 3 revolutions per second and 
rotated one beam width in azimuth (3?) 
during each elevation scan, providing 
full coverage of the hemisphere over- 
head every 20 seconds. To be able to 
scan rapidly and still obtain a good esti- 
mate of reflectivity, the radar transmits 
pulses of broadband noise of bandwidth 
BW = 30 MHz, with a short coherency 
time t = 1/BW - 0.03 /sec compared to 
the time intervals of the desired resolu- 
tion in range (1 ,/sec or 150 m). With 
such a transmitted signal, the normally 
large pulse-to-pulse fluctuations caused 
by interference between the constantly 
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rearranging scatterers is reduced by av- 
eraging the return in range for a time cor- 
responding to the desired range resolu- 
tion. For the fast-scanning system, trans- 
mitted power was 20 kilowatts in a pulse 
length of 0.3 ,usec at a pulse repetition 
frequency of 3 kHz. 

Lightning in the Storm of 19 July 1976 

The field-mill records show that there 
were about 130 field changes caused by 
cloud-to-ground and intracloud lightning 
flashes between about 16:24 and 17:52 
U.T. (4). The NMIMT network of nine 
antennas recorded about 137 flashes be- 
tween 16:21 and 17:52 U.T., including 
31 ground flashes over KSC during the 
time between 16:41 and 17:48. During 
the period from about 16:49 to about 
17:20 U.T., 55 electric field changes of 
125 volts per meter or more (for an entire 
flash) were recorded at the University of 
Florida station, indicating that number of 
flashes in the KSC area. Of these, 17 
were cloud-to-ground flashes with suf- 
ficient electrostatic field values after 170 
,usec to indicate that they were within 
about 15 km (18, 19). The ground contact 
points of 15 of the 17 flashes were lo- 

-2 0 2 4 6 8 

Horizontal distance from tower (km) 

Fig. 3. Elevation view of the data presented in Fig. 2. Environmental air temperatures at 21:15 
U.T. are shown on the right. 
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cated to within about 1 km by means of 
magnetic direction finding and thunder 
ranging from the stations operated by the 
University of Florida and the University 
of Arizona. 

At about 16:59:59 U.T. an observer in 
the National Weather Service office at 
KSC headquarters saw a flash strike the 
150-m weather tower. An observer at the 
University of Arizona station also saw a 
flash in the direction of the weather tow- 
er at that time. The magnetic tape at- 
tached to a guy wire indicated that the 
tower had been struck. In addition, the 
flashbulb connected to the Rogowski coil 
and mounted on the same guy wire had 
fired. No other flashes were observed to 
strike the tower, either visually or by 
magnetic direction finding. The various 
records of electric field change show that 
the flash occurred at 16:59:59 U.T. and 
had three return strokes followed by an 
intracloud discharge. 

Figures 2 and 3 show plan and eleva- 
tion views of the KSC area together with 
data indicating the geometry of the flash, 
the charge locations and magnitudes, 
and other pertinent features of the flash. 
The location of and uncertainty in the 
nominal ground contact point, as deter- 
mined by magnetic direction finding from 
the University of Florida and University 
of Arizona stations, are shown by the er- 
ror bars next to the tower symbol. The 
calculated strike point is within about 
300 m of the tower, with a maximum un- 
certainty of about 750 m. 

The two large solid arcs labeled "First 
Thunder, UF" and "Last Thunder, UF" 
in Fig. 2 mark the intersections with 
ground of two hypothetical concentric 
spherical surfaces centered on the Uni- 
versity of Florida station. The radii of 
the surfaces are the distances obtained 
by multiplying the times to first thunder 
and last thunder by an assumed sound 
speed of 350 m/sec (305?K). The first sur- 
face intersects the ground 100 m or less 
from the tower. The first thunder to ar- 
rive at the University of Florida station 
could have originated from anywhere on 
this surface. The higher in altitude the 
origin of a particular thunder pulse, the 
farther south it would appear in the plan 
view of Fig. 2, in agreement with the re- 
sults of the lightning channel reconstruc- 
tion from thunder measurements by the 
group from Rice University; these re- 
sults are shown in Figs. 2 and 3 as solid 
dots. 

From the Rice data, the identifiable 
source of thunder closest to the tower 
was about 300 + 900 m above and 
300 + 200 m south of the top of the tow- 
er. According to the calculations, the 
channel extended nearly vertically from 
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the tower to a height of 7.6 km (-20?C), 
where it turned abruptly horizontally and 
eastward for about 6.5 km from the tow- 
er. Not clearly shown in Figs. 2 and 3, 
but evident from detailed analyses, were 
a major branch reaching within about 370 
m of the ground about 700 m west of the 
tower and extensive branching at alti- 
tudes of 5 and 7 km. The acoustic signal 
from the horizontal section of the chan- 
nel was of low amplitude because that 
part of the channel was nearly parallel to 
the line of propagation to the micro- 
phone arrays, a situation that makes 
analysis difficult (14). To avoid confusion 
in Figs. 2 and 3, only the envelope of the 
uncertainties in channel location, shown 
as dashed lines, is given. Because the en- 

velope is dominated by the points with 
the largest uncertainties, it represents 
the worst case with all data included. 

The data points in Fig. 4 show the 
electric field changes produced by the 
entire flash as measured at 24 field mills 
(one field mill was not working at the 
time) of the KSC network. The field- 
change values are plotted as a function of 
horizontal distance from the computed 
location of the charge. The solid line rep- 
resents the best fit to the data determined 
by minimizing Eq. 2. The charge com- 
puted for the whole flash was about -39 
coulombs and was located at the position 
of the small cross inside the circle la- 
beled QT in Figs. 2 and 3. This circle rep- 
resents the spherical volume that would 
contain -39 C of charge if the charge 
density were a uniform -20 C/km3, an 
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Q T= -38.5 C 
H = 6.4 km (21,000 feet) 
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Horizontal distance of field mill 
from charge center (km) 

Fig. 4. Electric field change for the entire flash 
as a function of horizontal distance from the 
computed center of the charge producing the 
flash at 16:59:59 U.T. The points represent 
measurements at 24 field mills. The solid line 
is the calculated field change for the optimum 
values of Q, H, and Di that satisfy Eq. 2. 
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arbitrary but plausible value for in- 
dicating the approximate extent of the 
charged region. 

The antenna systems operated by 
NMIMT, the University of Florida, and 
the University of Arizona had sufficient 
time resolution to delineate the electric 
field changes for each return stroke of 
the flash at 16:59:59 U.T., as shown in 
Fig. 5. 

Centers of charge corresponding to the 
field changes of the individual return 
strokes are denoted by the circles la- 
beled Q,, Q2, and Q3 in Figs. 2 and 3. As 
before, the size of the circle represents 
the amount of charge. The error bars 
specify the estimated error in location. 
Computed values of the charge neutral- 
ized by each stroke were -25, -14, and 
-8 C, for a total of -47 C. The charge 
centers are displaced horizontally away 
from the main return-stroke channel to 
ground and slightly upward with increas- 
ing stroke order, between environmental 
temperature levels of about -10? and 
-20?C. These levels agree well with 
those of charges measured previously for 
lightning in Florida and other regions (3). 
The sum of the charges for individual 
strokes is slightly larger than the charge 
for the whole flash, QT, obtained from 
the field-mill data, and the centroid of 
their locations is several hundred meters 
higher than the location of QT. These dif- 
ferences occur partly because the field- 
mill data included field change caused by 
the intracloud discharge following the 
third return stroke. As shown in Fig. 5, 
the intracloud field change was positive 
at the near stations and negative at the 
far ones, consistent with neutralization 
of an electric dipole with an upper posi- 
tive charge and a lower negative charge. 

Analysis of the intracloud field change 
in terms of a dipole model suggests that it 
was predominantly vertical. A dipole 
moment change of 140 C-km occurred 
within a time interval of 235 msec. Dur- 
ing the first 17 msec of the intracloud dis- 
charge, the best dipole fit to the data is 
denoted by the downward-pointing ar- 
row in Figs. 2 and 3 and corresponds to a 
moment change of 45 C-km. The length 
of the arrow indicates the distance over 
which an assumed 10 C of charge would 
have been neutralized; with this reason- 
able value assumed for the charge, the 
lower end of the inferred dipole lies at 
about the same altitude as the return- 
stroke charges and is adjacent to the 
charge source for the third stroke. 

Average leader velocities can be esti- 
mated by using approximate leader dura- 
tions determined from the electrostatic 
field records and approximate leader 
lengths determined from cloud charge lo- 

cations and channel geometry. We as- 
sume that each leader traveled from its 
charge source along the path indicated 
by the thunder data as shown in Figs. 2 
and 3. The first-stroke leader field 
change is indicative of a normal leader 
lowering negative charge, except that its 
duration, about 4 msec, is shorter than 
that of normal first leaders (20). On the 
other hand, there were several other first 
return-stroke leaders with short duration 
during the storm at KSC on 19 July 1976. 
The first leader, approximately 8 km 
long, had an average velocity of about 
2 x 106 m/sec, an order of magnitude 
faster than the typical values but in the 
upper range of values obtained in South 
Africa (20), the best available source of 
statistical data on leader velocities. The 
second leader, about 9 km long, lasted 
either 3.4 msec or 280 1tsec, depending 
on which portion of the field change one 
associates with the leader, yielding an 
average velocity of 2.7 x 106 or 3.3 x 107 
m/sec. The third leader had a duration of 
2.8 msec, a length of about 11 km, and a 
velocity of about 4 x 106 m/sec. Dart 

20000 - 

E 

C 

10000- 

0- 

2000- 

E 

>- 

< 

1000- 

800 800'n 

E 

LX, 

400- 

Whole flash 

N2 km east 

J3 (80 Aisec 
jR2 (80 jsec) 
L2 

l11 km south 

R1 (80 gsec) 

L1 

r19 km south 

i i I I I 

100 300 500 

T (msec) 

700 700 

LDAR 

A B C DEF GHIJKLM NOPQRST UVWX 
I II I I \ I \ I I \./ ll/ \'lII/ \1// 

0 200 400 600 800 

T (msec) 
Fig. 5. Electric field changes at 16:59:59 U.T. 
2, 11, and 19 km from the flash. Time of oc- 
currence of LDAR fixes is given at the bot- 
tom. On the 11-km field, the leader portions of 
the field changes are labeled LI, L2, and L3, 
and extend from the bottom of the R bracket 
downward to the field break; the return 
strokes are bracketed and labeled RI, R2, and 
R3; the intracloud discharge beginning around 
360 msec is labeled IC. 
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leaders have typical velocities in South 
Africa of 2 x 106 m/sec with upper limits 
an order of magnitude greater (20). 

The small circles with letters inside in 
Figs. 2 and 3 represent locations of 
sources of VHF radiation determined by 
the LDAR system. The letters are in or- 
der of occurrence, at the times shown 
along the line at the bottom of Fig. 5. Al- 
most all the VHF radiation occurred af- 
ter the return strokes were over, and 
some appeared to be associated with the 
intracloud discharge. A large group of 
LDAR data points occurred at heights 
between 6 and 8 km, which roughly cor- 
respond to the heights of charge centers 
Q, Q2, and Q3 of Fig. 3. A second group 

of discharges occurred between 11.5 and 
13 km, perhaps indicating the top of the 
intracloud discharge. It is interesting to 
note the absence of discharges along the 
lower half of the lightning channel, in- 
dicating that radiation in the 30- to 50- 
MHz band is much weaker from the 
leader and return-stroke channel than 
from discharges in the cloud. 

The locations of charged regions Q, 
Q2, and Q3 are compared with the fast- 
scanning radar measurements of the pre- 
cipitation structure of the storm in Fig. 6, 
a and b. Figure 6 shows vertical cross 
sections of the logarithmic radar return 
obtained at two azimuth angles through 
the storm several seconds after the flash 

Fig. 6. Precipitation echoes obtained with high time resolution by fast-scanning radar, with 
charge locations superimposed. The radar cross sections were obtained at azimuth angles of (a) 
16.7? and (b) 31.7?. 
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occurred. The radar was located at the 
center of the concentric 5-km range cir- 
cles. Figure 6a was obtained at an azi- 
muth angle of 16.7? (clockwise from 
north), and the radar cross section 
passed through the apparent sources of 
charge for the first two strokes to 
ground. The charge source for the first 
stroke was within a tall vertical shaft of 
precipitation, and that for the second 
stroke was just beyond the vertical shaft 
in a region of weaker echo. The second 
radar cross section (Fig. 6b) was ob- 
tained at an azimuth angle of 31.7? and 
passed through the estimated source 
charges for the third stroke to ground 
and the intracloud discharge. Both dis- 
charges occurred along the far edge of 
the detectable precipitation echo. There 
was no absolute calibration for the radar 
data because on the day they were taken 
the receiver sensitivity was intermit- 
tently low and changing, but it is known 
that only the stronger precipitation 
echoes were being detected. 

Several features of the radar data are 
worth noting. In Fig. 6a there is a strik- 
ing periodic structure of the precipitation 
echoes on a scale of about 1 km. The pre- 
cipitation echoes in both radar cross sec- 
tions show a marked discontinuity at 
about the 4-km level, being stronger be- 
low it and weaker above it. The disconti- 
nuity is below the level of the environ- 
mental (clear air) 0?C isotherm (at 4.6 
km), which suggests that the discontinu- 
ity was associated with the melting (and 
consequent increase in reflectivity) of 
ice-form precipitation particles. The ice- 
form precipitation most likely would 
have been graupel or hail rather than 
snow (21). Snow crystals have a lower 
velocity of fall and produce character- 
istic "bright band" echoes, which are 
observed during decaying stages of 
storms (22). On the basis of these obser- 
vations, we infer that the lightning 
charge resided, at least in part, within a 
region of graupel or hail, between the 
-10? and -20?C environmental temper- 
ature levels. Observations of a similar 
correlation between lightning charge and 
precipitation have been made recently in 
New Mexico (5). 

Figure 7 shows the electric and mag- 
netic fields of the three return strokes, 
measured with time resolution of about 
0.2 ,sec on the broadband system at the 
University of Florida station approxi- 
mately 11 km from the flash. The electric 
field changes measured by the broad- 
band antenna systems were unusually 
large, as shown in Fig. 8, where histo- 

grams of the initial electric radiation field 
peaks, normalized to 100 km, are plotted 
for 10 first strokes and 23 subsequent 
strokes at known distances during the 
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orm. The most frequent value of nor- percent of lightning occurrences have 
alized field change was 2 to 3 V/m for peak fields greater than 35 V/m (18). Sim- 
bsequent strokes and the largest value ilarly, the high peak currents associated 
is 8 to 9 V/m, except for the flash at with these fields should occur less than 1 
:59:59 U.T. The second and third percent of the time. 
rokes of that flash had normalized peak The first stroke of the flash, as shown 
diation fields of about 39 and 13 V/m, in Fig. 7, had an electric field rise time 
spectively. Similarly, the normalized (zero to peak) of about 14 to 16 ,tsec, 
st-stroke radiation peak, 37 V/m, at three to five times the usual value. This 
:59:59 U.T. was about four times as long rise time led us to consider the pos- 
rge as the most frequent value, 8 to 9 sibility that the first return stroke had an 
m, for the others in the storm, not unusually long upward-going streamer. 
lite twice as large as the next largest. Rise times for subsequent strokes were 
ie most frequent values of peak radia- 3.0 and 2.5 ,sec, not unusual for Gaines- 
>n fields measured in the storm are con- ville, but somewhat longer than typical 
itent with the values measured pre- rise times at KSC (18, 23). If we assume 
ously in Florida, the largest of which that the first-stroke magnetic field before 
is about 30 V/m. On the basis of the peak in Fig. 7 was caused by an upward- 
tta in Fig. 8 and similar data obtained going streamer extended about 300 m 
eviously, we estimate that less than 1 above the top of the 150-m tower (a ve- 

locity of about 2 x 107 m/sec for about 
14 to 16 uisec), we calculate a peak cur- 

192 0? R3 rent of approximately 210 kA from Eq. 3. 
In this case the peak current occurs at 
the ground at 24 ,usec, about 10 /tsec af- 

1820 
ter the magnetic field peak. 

To estimate the peak current under the 

1720 ! 
_ assumption that it was caused by an up- 

ward-propagating return-stroke current 
pulse, we use Eq. 4. Since we had no 

0.5 measurement of the return-stroke veloc- 
ity for this flash, we used values found in 
the literature. We analyzed the bottom 

0.0o-- portions of published photographs of 
1680 R2 eight first (highly branched) return 

strokes (24, 25) and found a return- 

1480-g\ _ ---- stroke velocity of 8.8 + 3.4 x 107 m/sec 
(mean + standard deviation). A later 

1280 ____________study of five first return strokes (26) 
| I I~ I 1 yielded a mean velocity near ground of 

5.9 ? 3.1 x 107 m/sec. Using these re- 
1.0 l sults, we assume that the first return- 

stroke velocity may range from 2.8 x 

~0. ~5 -\ l l107 to 1.2 x 108 m/sec, yielding a range 05 - 

_ of peak currents between 150 kA (1.2 x 
108 m/sec) and 640 kA (2.8 x 107 m/sec). 

o.o-0 - / l The peak current occurs in this case at 

R 1 ^^- the same time as the magnetic field peak. 
85 0 If the initial magnetic field was caused by 

both an upward-going leader and a re- 
~/~~ ~turn-stroke current pulse, a reasonable 

350 - t t -estimate of peak current at the ground 
would be 150 kA or more. 

1.0- / As noted earlier, the subsequent- 
stroke electric field waveforms shown in 
Fig. 7 allow channel currents to be mod- 

0.5 eled as upward-propagating current 
pulses. The mean velocity of 27 sub- 
sequent return strokes measured from 

0I 0 I published stroke photographs (25) is 
4.7 + 2.4 x 107 m/sec. Two later studies 

T (psec) yield mean subsequent return-stroke ve- 
7. Details of the three return-stroke elec- locities of 8.0 + 2.0 x 107 m/sec (26) and 
field changes shown in Fig. 5, with the 6.8 + 2.3 x 107 m/sec (27). Assuming 

responding magnetic field changes, as ob- t - 
red 11 km from the flash. The return that the of subsequent-stroke ve- 
kes are labeled RI, R2, and R3, as in Fig. locities is 2.3 x 107 to 1.0 x 108 m/sec 

and using Eq. 4, we calculate that the 
7 JULY 1978 

peak current of the second stroke was 
between 200 and 870 kA and that of the 
third stroke was between 66 and 280 kA. 
The current wave shapes at the ground 
for the first 40 ,/sec of subsequent 
strokes, calculated by three-station tech- 
niques (10), are roughly the same as the 
corresponding magnetic field wave 
shapes at 11 km (see Fig. 7). Rise times 
of subsequent return-stroke currents are 
2 to 3 ,usec. The rise times of both first 
and subsequent return-stroke currents in 
the flash are consistent with those mea- 
sured directly on towers struck by light- 
ning. The shapes of the current wave- 
forms derived for the subsequent strokes 
in this flash are similar to those measured 
directly on towers, except that the peaks 
in this case are sharper than those gener- 
ally observed on towers (28). 

The magnetic-tape measurements of 
peak current made by KSC personnel 
gave a value of about 14 kA in the guy 
wire and an estimated total peak light- 
ning current of about 190 kA (11), in 
good agreement with the values deter- 
mined from remote electric and magnetic 
field measurements. 

Peak currents in the 200-kA range are 
equal to the largest values ever recorded 
by using magnetic links (29). Flashes 
with peak currents greater than 200 kA 
were at the 0.1 percent level in frequency 
of occurrence for 2721 flashes recorded 
throughout the United States. Peak cur- 
rents above 200 kA are at about the 1 
percent level, based on analyses of many 
measurements (30). Clearly, peak cur- 
rents of 200 kA or more occur infre- 
,quently. It is interesting to speculate 
about whether the short duration of the 
stepped leader, the unusually large fields 
and peak currents, and the relatively 
slow first-stroke electric and magnetic 
fields and current rise times were caused 
by the presence of the 150-m tower. 
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Fig. 8. Histograms of initial peak values of the 
electric radiation field for 10 first strokes and 
23 subsequent strokes in 15 flashes during the 
storm at KSC on 19 July 1976. 
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Concluding Remarks 

Lightning studies are difficult to carry 
out because of the unpredictable nature 
of thunderstorms and the variety and 
complexity of measurements necessary 
to derive significant information. It is 
perhaps remarkable that the various in- 
dependent measurements obtained in 
this study led to results that are entirely 
consistent with one another. For ex- 
ample, the location of the ground strike 
point was accurately determined by both 
thunder and magnetic measurements. 
The locations of the charged regions de- 
termined from independent sets of data 
were in good agreement with each other 
and with the channel geometry deter- 
mined from thunder measurements. Co- 
operative work such as that reported 
here can provide much more insight 
about lightning discharges and their rela- 
tionships to the thunderstorm environ- 
ment than could have been obtained with 
only independent observations. The re- 
sults described here represent the most 
comprehensive study ever made of a 
single lightning flash and its relation to 
the thunderstorm which produced it. 
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into play to counteract any deviations 
from the optimal state (see Fig. 1A). In- 
puts from the skin, brain, and body are 
summed in a comparator which also re- 
ceives input from an intrinsic reference 
signal, the set point. The output of this 
comparator, or integrator (the two terms 
will be used interchangeably), is a single 
error signal which serves as an input to 
the controllers of the appropriate ther- 
moregulatory responses, both autonomic 
and behavioral (1). The alteration in 
body temperature resulting from the per- 
formance of these responses is fed back 
to the comparator which, in turn, adjusts 
the error signal. Because the same signal 
activates all thermoregulatory responses 
the fact that some responses in an ani- 
mal's thermal repertoire appear earlier 
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