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ABSTRACT derived from standard four-probe resistivity measurements
Vertical electric fields, azimuthal magnetic fields, and earth conducted daily at 5 different locations throughout the fifty
voltages developed over a 0.5-m radial step distance have day fielding period. The general site layout is shown in Fig.1.
been measured at 10 and 20 m from the ground attachment Rocket launching and data recording operations were carried
point of triggered lightning. The magnetic fields are found to out using the Sandia Transportable Triggered Lightning
follow Ampere's law closely, in both amplitude and Instrumentation Facility (SATTLIF), the details of which are
waveform. The relationship between maximum vertical described elsewhere/l,2/.
electric field change due to a descending dart leader andthe
peak of its associated return-stroke current is linear.

Recorded earth step voltages have the same waveforms as / _ N-- MUffSOFCLEARING
the incident return-strokecurrentsand, for distances between a

I _110AND20-mMEASUREMENTSTATIONRANGES
10 and 20 m from the strikepoint, theiramplitudes exhibita / ....,,x_

l/r dependence.Statisticsare given on the observed / GENERATOR m -_ 'E"occurrenceof radialsurfacegroundarcsemanatingfromthe / r'_, REDCLAYSOIL
earthattachmentpointasa functionof peakincidentreturn- / _a,TTUF--_L(_'A,,[ (MEANCONDUCTIVITY:1.8x ,O'a S/m)
stroke current. /

/ (GRAVEL)-'I_ (245 m)
1.0 INTRODUCTION ]-I

A detailed knowledge of the electromagneticenvironment
very close to the ground strike point of lightning is of Figure 1. Overview of the 1993 Triggered lightning test
considerableimportancein designingprotection systems and site
in assessing their effectiveness. The specific motivation for

the present work was relatedto the protection of munitions 2.0 EXPERIMENTAL PROCEDURES
thatmight be exposed to lightning, possiblyat the scene of a
transportation accident, for example. The availability of A total of 5 monitoring stations were arrayed at 10- and
triggered lightnin_ provides a very convenient method for 20-m radial distances from the base of the rocket launcher
obtaining real lightning flashes to designated points on the assembly (RLA), which served as the designatedstrike point
ground. Using this technique, the electromagnetic for the triggered flashes. It was arrangedthat flash currents
environmentsat stations located 10 and20 m from the bases striking the RLA would flow to earth through the coaxial
of triggered lightning channels were measured. The current shunt mounted below the main supportingframe of
quantities that were recorded includedvertical electric field the launcher.The earthing point consisted of a zinc-coated

(Ev), horizontal (azimuthal)magnetic field (Ha), and earth steel ground rod below the steel instrumentationbox that
step potential differences (Ms) developed over 0.5-m radial contained the current shunt and its associated fiber optic
increments. During the summer of 1993, seven flashes were transmitter electronics. The ground rod depth was
triggered in support of these experiments. Data were intentionally kept to a minimal length to simulate a strike to
acquired on a total of 31 individual return strokes, with a raw earth as closely as possible. Data were acquired during
range of peak return-stroke current amplitudes from 4.3 to four separate storms. During the first two storms, the ground

30 kA. The experiments were carried out at Ft. McClellan, rod depth was 0.3 m, while for the last two, it was changed MASTERAlabama at a fiat test site that was freshly cleared of pine to 1.3 m. I

woods vegetation within 45 days of the beginning of the Over the course of the summer, data were acquired at each
testing. The soil composition was heavy red clay, with an of the monitoringstations indicatedin Fig. 2. During the first
average conductivity of 1.8x10-3 S/m, the mean value and second storms, an identical complement of sensors was
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r
deployed at stations l through 3. The sensors, shown in 3.0 DATA
Fig. 3, consisted of a commercial magnetic field derivative +
detector (plus in-line active integrator), a flat plate vertical 3,1 Magnetic Fields

electric field sensor, and an earth step potential sensor with Plotted in Fig. 4 are the peak values of the azimuthal
its two 0.3-m long probes separatedby a distance of 0.5 m. magnetic fields measuredat 10.7 and 20.7 m as a function of
Stations 1, 2, 4, and 5, comprised of different combinations the peak amplitudes of their associated return-stroke
of sensors as defined in Fig. 2, were activated during storms currents. Linear regression lines are displayed for the data
3 and 4. In this way data were obtained as functions of radial sets corresponding to each distance. Ampere'slaw applied to
distance (10 and 20 m) and of azimuth at the multiple this situation is given bythe relationship,
monitoring positions around the 10- and 20-m arcs.

H(t)= I(t)/(2_r) (1)

where H(t) is the magnitude of the azimuthal component of
• STA5

...-"..... "Vsli21a"...... ... the magnetic field, I(t) is the current flowing in the channel,
... -. and r is the radial distance from the strike point. In the

,"' le'ra 2 "'", figure,curves corresponding to (1) are plotted as solid liness_

...i.".'..'-" '" for each distance. As can be seen from the figure, there is
/ /+"vsi "",, '",,' very close agreement between this relationship and the: ",,$TA1 ",,$TA4

: STA3 ," experimentaldata.

,oo.+....,.o..o,,,.,.+j"", """ '' ,/' -- mx lo.7m) ..-"
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Figure2. Measurement locations and their assigned °o s lO 15 2'0 .... 2'S.... 30

sensorgroups (Station 2 consistedof Vs sensor RETURNSTROKEAMPLITUDE(lOt)only during storms 3 and 4; otherwiseit was

comprised of full set of sensors) Figure 4. Comparison of Ampere's law with magnetic
fields measured at 10.7 and 20.7 m from the

strike point

The correspondence between the waveshapes of the incident
stroke current and their associated magnetic fields is
exemplified in Fig. 5, which is an overlay of the normalized
waveforms of the magnetic fields at the two 20.7-m stations
and the incident stroke current recorded during the first
stroke of flash 93-12. As is indicated in the figure, the
waveshapes match so closely that it is difficult to distinguish
that there are three separate plotted traces. The degree of
agreement characterizedby the data in Fig. 5 is typical of all
the data that have been examined in this fashion,

0.5 .................... -.................................

Figure3. Baseline instrumentation set. Left to fight:
magnetic field derivative, earth step voltage,
and vertical electric field sensors 0.0 _,_

......... I/(2n20.7m)
With the exception of the earth step potential measurement, _ -- HFIELD,8TA4

...... H FIELD,8TA5 +
the sensors, signal conditioning, data transmission links, and -0.S _.
recording instrumentationwere all substantiallythe same as ____,_,d_,, ,_ .. ,.. , 8, l,,,,.4
were employed previously duringthe triggered lightningtest ",%h,. j_i_1_, _"-_'r"_
of a munitions storage bunker that was conducted during -1.0
1991 /2/. The technique used in measuring the earth step
potentials is described below in the discussion of the
experimental results. All of the data presented herein were -1JI .....................................................-' 0 1 2 $ 4 5 5 7 8 9 0
recorded digitally with a 40-ns sampling interval. The 3-dB TIME0ul)

...... ' upper frequency limit of the incident stroke current
measurements was 6 MHz, which was set by the frequency Figure 5. Overlay of normalized magnetic field and
response of the current shunt. The upper frequency limit of incident return-stroke current waveshapes
the rest &the measurements was 10MHz. (Stroke I of Flash 93.-12)



3.2 Vertical Electric Fields so ................... ,.................. ........

• Figure 6 is a plot of a typical vertical electric field change
recorded at 9.3 m from the base of a stroke that was initiated 0

by a dart leader. The V shape of the waveform is ,,,,,__. /,,¢_
characteristic of electric field changes out to well beyond "" -sO
500 m /3/. The rate of change and peak amplitude of the ' _,
wavefront preceding the b,_tt,_m of the V is associated with
the propagation velocity and linear charge density, tu -100
respectively, of the descendingdart leader. The rapidchange
following the peak corresponds to neutralization of leader -1sO
charge as the return-stroke wavefront propagates up the (PRE-STROKE INTERVAL • 34S ms)

channel from the ground. "20010 " " 0 .... 10 .... 2'0.... 30 40 50 60

so ...... _.............. '.................... , ......... RELATIVE"lIME(OR)

0 Figure 8. Example of an electric field change recorded
9.3 m from the base of a return stroke
preceded by a dart-stepped leader

,-- .5o

_" 345 and 290 ms, respectively. (The medianvalue interstroke
_' -1O0 intervalin triggered flashes in Florida and Alabama is 48 ms

/4/,) The mean interval between steps in the two examples
DART

-1 SO LEADERmEtO.__I---.- nt'm.N-SrROXE that were obtained is 6,3 Its, a value consistent with data for
CHANGE | FIELOCHAN_IE dart-stepped leaders occurring during the last tens of

microseconds prior to return strokes in naturally initiated
-200 0.... 2 .... ; .... 6 .... 8"' _1'0 _1'2" 1'4"" i'6 i'8"" 20 lightning inFlorida (6.5 Its) and Arizona (7.8 Its)/5/.

RELATIVETIME(pt)

3.3 Radial Earth Step Voltages
Figure 6, Typical electric field change recorded 9.3 m

from the base of a return stroke preceded by a The technique employed in measuringvoltages developedby
dart leader return-stroke currents injected into the earth at the base of

the rocket launcher is shown in Fig. 9. An adequate
Presented in Fig. 7 is a plot of recorded peak return-stroke equivalentcircuit of this measurementis shown in Figure 10.
currents against their preceding dart leader electric field Because the impedance of the instrumentationcircuit is so
changes, as measured at 9.3 and 19.3 m from the channel, much higher than the source impedance presented by the
The evident linearity(correlationcoefficients of 0.7 and0.95 earth at the probe terminals,the earth voltage is unperturbed
at the 9.3 and 19.3-m stations, respectively) is presumablya by the presence of the measurementcircuit. Straymagnetic
consequence of the fact that peak return-stroke current and electric field coupling into the measurementcircuitwas
amplitude is proportional to the change per unit length not found to be a problem.

deposited by the dart leader over the last 100 m or so of its The major results are summarizedin Fig. 11, in which the
channel. Assuminga uniform linearcharge distribution,the peak voltages recorded at the 10 and 20-m stations, are
proportionality constant is the return-stroke propagation plotted againstpeak return-strokecurrent. As is evident, the
velocity, voltages are highly linearwith respect to the strokecurrents
On two occasions, measurementswere obtained of electric that produced them (correlationcoefficientsof 0.97 at 10 m
field changes on strokes precededby dart-stepped leaders,, and 0.98 at 20 m), In those cases for which multiple-station
One example is given Fig. 8. In both instances, the strokes data are available, the voltages from the different stations
were the finalones in their respective flashes, and both were agree very closely in both amplitudeand waveshape. From
precededby extraordinarilylong interstrokeintervals,namely this it is inferred that the spatial distribution of current

density flowing within the earth outward from the injection
a0 ......................... point must be essentially unifolm, Perhaps more precisely

stated, there appear to be _.osignificant neteffects from any
2S _ u.,. S'rATIONa local nonuniformities in that current distribution. This result

=C --4.-- llMI-m STATIONS ..It"E

0 20 ,_/_,,9- EM-TIGHT STEELm "__z 1.,q FOL TRANSMrl"rER

_¢ ,f_ ENCLOSURE --_

15 o _ 100-k_ VOLTAGE¢/¢_'_-_ o o DIRECTIONOF --_.. _ /- DIVIDERRESISTORS

Z 10 ,,,*JIS ,, "- _ cT MAGNETICFIELD _'__Q_)" _,__/./_= n,- I ,,._,i_ /(b oo- _ DIELECTRIC

,o ,oo,o ,oo,. :
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I_-_-Ar= 0,5 m _1

Figure 7. Peak return-stroke current as a function of
peakdart leaderelectricfield changesrecorded Figure 9. Techniqueusedto measureradial earth step
9.3 and 19.3 m from the ground strike point voltages
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Rm assumption of a thin surface layer of much higher •

j> _ _ conductivity than that of the bulk of the earth below it. Forvalues of bulk earth conductivity representative of those
Rd_, 100kt'l 100kfl _' Rd measured at the individual sensor stations, the resistance of
A_ <'B the surface layer, acting in parallelwith that of the half-space

..................._ of earth beneath it, reproduces the observed behavior in the
v] v. I" present data to within about I0 percent at both stations, The

high conductivity surface layer is taken to correspond to
standing rain water that was present over a large portion of
the experiment site during the course of the triggering

Rm= FOL INPUTRESISTANCE sessions.Unfortunately,with the limited amountof presently
Rd = VOLTAGEDIVIDERRESISTANCE availabledata, it is notyet possibleto validatethis,or any
Re "SOURCE RESISTANCEAT other, model with certainty.

MEASUREMENTPROBES

V • = OPENCIRCUITSOURCEVOLTAGE 0.5 ................... - ......... , .............................
AT MEASUREMENTPROBES

A. B ==STEPPOTENTIALPROBES

Figure 10. Equivalent circuit model of the earth step 0.0 d_...'l_.'
voltagemeasurementof Fig.9 _ _ GROUNDSTEPVOLTAGE

10 ................ ' ............... -05 _ ......... 81ROKE CURRENT

.11'
= . "-" I "'.1....;....i....i....; ....i ....;..... ....r....8....; ....o
[ 4 -_"'- L""'_ RELATIVE TIME (ps)

_9 =s__ 'A_ _.--'_''''" _ff*._Xr8 ---'','-n,,=
a aJr-- __..-- r• _= Figure 12. Overlay of normalized waveshapes of incident

return-stroke current and step voltage
o u'_r'f"(PROBESEPARATION=0.Sm) recorded10m from the strikepoint(Stroke1

o s lo is =o =s so of Flash 93-12)
RETURN-STROKE AMPLITUDE (kA)

Figure 11. Peak earth voltages developed over a 0.5-m ]1 uNrr_T H
step distance measured at 10 and 20 m from
the triggered lightning strike point plotted

against peak return-stroke current r,,,,_ i _,,Jj,_ UNIT

would, of course, not hold in the presence of any buried _.,_..._ THICKNESS
conductors, such as pipes, cables, or even major tree roots;
but this condition was intentionally avoided during the

present experiments. As shown by the example inFig. 12, for _ \\
practicalpurposes,thewaveshapes of the recordedvoltages AREA --.2rrr2
are virtually identical to those of their associatedstroke
currents.This levelof agreementwastypicalof mostof the
data that were examined in this fashion, although in some of II I
the _'ecords of very low amplitude, the step voltage
waveformswere slightlydistortedwith rc;=,pectto thoseof RESISTANCEPERUNITTHICKNESS
theincidentstrokecurrent.Thisdistortionunderlow signal- OFANNULUS
to-noiseconditionsistentativelybeingascribedto theeffects RESISTANCEPERUNITWIDTH

of verticalelectricfield couplingintothe connectingleadsof I __ !V- OFHEMISPHERICALSHELL

the sensors. For practical purposes, the waveforms of the j
voltages and the incident stroke currentscan be taken to be E
the same. Ve =,at _ 00

Perhaps the most interesting feature of these data is the rate I - I: >_a =ar IR 1

at which they scale with distance from the strike point. Based _'k] 2nr[1+eRr]on the fitted regression lines in Fig. 11, this dependence is
very close to l/r between the 10-m and 20-m stations. This is
contraryto the expectationof a 1/r2 functionalitythatwould R- SURFACERESISTANCE,Q/U]
be predicted by the uniform hemispherical modelof earth Ar= STEPDISTANCE,rn

currentdensitythat is oftenemployedto define earth step
potentialscloseto a strike point. An alternativemodel is Figure 13, Geometry and resulting circuit model for
proposed,which producesvery goodagreementwith the earth stepvoltagethat accountsfor the pres-
present data. This model, depicted in Fig. 13, involves the ence of a thin, high conductivity surface layer



3.4 Radial Surface Arcing loo lo0 1¢q loo
,¢ •

In addition to the active electrical measurements described 9o

above, numerous video records were taken from various so

angles and with different fields of coverage, Sixteen- 7o
millimeter high speed movies with 5-ms time resolution were el.st.. 5o
also obtained on 5 of the 7 triggered flashes. These records zILl

o 50
revealed the frequent occurrence of substantial radial surface
arcing outward from the ground attachment point. As a. 40
indicated in Fig. 14, significant arcing was detected on ao so

100 percent of all strokes with peak currents of 15 kA or 20 [ [
greater, as well as on a significant fraction of strokes with I Icurrents below that level. The arcing appeared to be random 10
in direction. Not every stroke in the same flash produced o P .......0-5 5-10 10-15 15-20 20-25 25-30

detectable arcs; and, during some flashes, arcs occurred in PEAKSTROKECURRENT(kA)
one direction on one stroke and in another direction on some

other stroke. Following each storm, the area around the base Figure 14. Frequency of detected surface arcing from the
of the RLA was carefully examined for residual evidence of base of poorly earthed triggered lightning
arcing. With the exception of localized occurrences of channels as a function of peak return.stroke
splintering in pieces of plywood, which were placed on the current amplitude
ground to avoid standing in mud when working around the
launcher, no such evidence was observed. Nor were any

fuigurites found when the earthing rod was either removed this arcing phenomenon that was obtained is shown in

or changed. What was observed, however, was distinct Fig. 15. Near the right edge of the photograph represents a
evidence of discrete, concentrated current exit points at distance of 10 m from the strike point under the RLA. The
several spots along the length of the steel earthing rods after horizontal branch of the arc can be seen to have reached this

they were removed from the ground, range. As deduced from excursions in the signals recorded at
During one particular stroke of 20-kA peak amplitude, the one or more of the 20-m station sensors on two other

station 1 instrumentation site was contacted by one branch of occasions, a range of at least 20 m was attained by some of
a surface arc. Analysis of the behavior of the various sensors the arcs. Whether this distance was ever exceeded cannot be

at that station indicated that the arc carried approximately determined with certainty from the present data Of
1 kA of current, or about 5 percent of the peak value of considerable interest would be the determination &the radial

current in that stroke. The most impressive photograph of limit of surtb.ce arcs as a thnction of return-stoke amplitude.

Figure 15. Still photograph of radial branched surface arcing from the base of triggered lightning channel;
the observed arcing occurred on the second stroke (peak current of 29.6 kA) of F;ash 93-12.
(Attachment of the return stroke to the top of the strike rod is outside the field of view.)
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"'4.0 CONCLUSIONS and Engineering Center, PicatinnyArsenal.Thecircuit model
Q_

Analysis of the data performed to date has resulted in the for earth step voltages given in the text and the rigorous
following conclusions: mathematical development on which it is based were

providedby LK. Warne, Sandia National Laboratories.
1. The magnetic field at ground level out to a range of at

least 20 m from the base of a lightning channel is well
described by Ampere's law.

2. Subsequent return-stroke current amplitudes are linear
with respect to the peak electric field changes produced
by the dart leaders that initiate them.

3. Vertical electric field change amplitudes as high as 6.0 REFERENCES
300 kV/m, occurringwith rise times of the order of a few
microseconds, can be experienced at a range of 20 m from /1/GH. Schnetzer and eLJ. Fisher, "The Sandia
a lightning channel which is carrying a return-stroke Transportable Triggered Lightning Instrumentation
current of 30 kA. (If the linear relationship of item 2 is Facility," Int. Aerospace and Ground Conference on
assumed to apply, a field change in excess of 2 MV/m Lightning and Static Electlicity, Cocoa Beach, April 16-
would precede a 200-kA subsequent return stroke.) 19, 1991.

4. Earth step potentials measured at 10 and 20 m fromthe /2/ G.H. Schnetzer and R.J. Fiqher, "Measured Responses of
strike point are linearwith return-stroke current and have a Munitions Storage B_mker to Rocket-Triggered
the same waveshapes as their associated return-stroke Lightning," 21st Int. Conf. On Lightning Protection,
currents. Over the range of 10 to 20 m, their magnitudes Berlin, September 22-25, 1992.

falloffas l/r. /3/M.A.Uman, V.A. Rakov, R Thotappillil, T. Versaggi, A.

5. The likelihood of significant radial surface arcing out to Eyben-Berard, L. Barret, P.P. Barker, and S.P I-hint,
ranges well in excess of 20 m must be considered to be "Multiple-Station Measurements of Close Electric and
part of the hazardous environment close to the base of a Magnetic Fields Produced by Triggered Lightning
lightning channel, even in areas of relatively high earth Discharges," Fall Meeting of the American Geophysical
conductivity. Individual branches of such arcs can carry Union, SanFrancisco, Dec,:mber 1993.
appreciable fractions of the peak value of the return- /4/R.J.Fisher, G.H. Schnetzer, R. Thottappillil, V.A. Rakov,
stroke current. MA. Uman, and J.D. Goldberg, "Parameters of

Triggered Lightning in Florida and Alabama,"
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