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The varying electromagnetic fields produced by thunderstorms and associated light-
ning discharges are examined. Calculated field variations produced by an assumed typical
cloud to ground discharge model are found to agree well with observed fields. The mag-
nitude of these vertical electric field changes are observed to decrease very slowly with
distance from the source for values comparable to discharge channel heights. From 4 to
20 kilometers a 1/d* relation is observed, and beyond 30 kilometers the field variations
appear to follow a 1/d relation.

The expected radiation field frequency spectra from 1 eycle per second to 100 kilocycles
per second are calculated employing models assumed to be typical of “long’” and “short” dis-
charges. The radiation spectra obtained from 1 to 100 kilocycles per second for observed
cloud to ground discharge field variations normalized to 1 kilometer are seen to agree
within expected limits with calculated values.

The models employed indicate that below 300 cycles per second ‘“long” discharges

produce much more energy than ‘short”

discharges may produce as much energy

discharges, and that inter- and intra-cloud
as cloud to ground discharges.

Anticipated variations of total vertical electric field frequency spectra as a function

of distance,
per second to 100 kilocycles per second.

1. Introduction

It is well known that the natural background
radio noise field in the region from 3 ke/s to 30
Me/s is largely produced by lightning discharges.
Although the natural noise level above 30 Me/s is
largely due to cosmic sources, Atlas [1]* has shown
that lightning sources are observable at frequencies
as high as 3,000 Mc/s.

Below 3 ke/s, the noise spectra produced by light-
ning discharges is not well known, although it is
generally believed that below 1 ¢/s the background
noise fields are produced largely by ionospheric cur-
rents or extraterrestrial sources rather than by
lightning discharges.

In view of the somewhat limited information avail-
able regarding the ELF electromagnetic fields pro-
duced by thunderstorm and lightning activity, 1t is
the purpose of this paper to consider the mechanism
by which time varying electric and magnetic fields
and their associated hoquvnc_\ spectra are likely
to be produced by thunderstorms and lightning
discharges.

2. Observed Vertical Electric Field Varia-

tions

The vertical electric field at the surface of the
earth has a fair weather field potential of approxi-
mately 100 v/m with a diurnal variation, which
appears to be well correlated with worldwide thunder-

1 Contribution from Central Radio Propagation Laboratory, National Bureau
-of Standards, Boulder, Colo.; paper presented at Conference on the Propagation
of ELF Radio Waves, Boulder Colo., Jan. 26, 1960.

2 The studies contained in Lhis paper were sponsorod by the Office of Naval
Research under contract NR 371-291.

3 Figures in brackets indicate the literature references at the end of this paper.
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based on the work of Wait, are shown for the frequency range from 1 cycle

storm activity, having approximate plus or minus
20 percent variation about this mean value, as shown
by Pierce [2]. The fair weather field is negative
since the potential increases with height above the
surface of the earth.* This means that a vertical
rod antenna will have a positive potential with
respect to ground.

During a thunderstorm or disturbed weather, the
vertical electric field in the vicinity of such a storm
can become quite great and usually changes sign
from the negative Tair weather field to a posmvo
value which, as has been shown by Smith [4], can
become quite large, i.e., values in the order of 4,000
v/m. These changes in the vertical electric field
caused by motion of clouds and charged volumes
are at a relatively slow rate. The magnitude of
the change is, however, great and the possible con-
tribution by this mechanism to the total observed
vertical electric field spectrum must be considered for
frequencies in the order of several cycles per second.

Tamura [5] has observed that, even with thunder-
storms 10 to 20 km from the observing point, the
field intensity can become several hundred volts
positive. In some cases the field slowly varies to a
relatively large negative value, although the general
trend during storms is for a positive field with rather
abrupt negative direction changes during cloud to
ground lightning discharges. These negative field
changes soon recover (in about a minute) to an
average positive field of several hundred volts per
meter. The general mechanism involved in a typical
cloud to ground discharge can be seen from figure 1

4 Since E=—dv/dz, the vertical electric field considering up in a positive sense
is actually a negative quantity as shown by Clark [3]. Considerable care must
be taken when reading the literature on atmospheric electricity. Most workers
have plotted observed potential gradient which is sometimes referred to as the
observed field without the appropriate change in sign.
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Fiaure 1. Lightning discharge.

(a) Predischarge (leaders), v;=~80 m/usec. (during each step), I;~300 amp
(avg) (b) Main discharge (return stroke), v»~80 m/usec., I, =30 kiloamp (avg
peak value).

where it is apparent that the negative charge on the
bottom of the cloud will produce a positive electrie
field beneath 1it. The buildup of charge in the
thunderstorm cloud cell produces an increase in
potential gradient. When this gradient exceeds the
break down potential of the air, the step leader is
initiated along a path which generally follows the
direction of maximum gradient.  Although the
instantaneous direction may be quite variable and
can contain various ‘‘false start” trials as shown,
the general trend must be to the ground for this
type of discharge. The process of the leader or pilot
streamer as it advances in spurts of 10 to 100 m has
been described in detail by Schonland [6], and the
total period during which it is progressing down-
ward in a cloud to ground discharge can vary appre-
ciably about some average value in the order of
500 to 1,000 usec.

It is apparent from figure 1 that if the point of
observation is beneath the cloud cell in which the
lightning discharge is forming that the field will
increase positively as the leader lowers negative
charge. It is well known that the leader mechanism
contributes appreciably to the spectrum of the
electric field at frequencies above 20 ke/s [7]; how-
ever, aside from the contribution due to the positive
field increase during formation and those cases where
the leader lowers a substantial part of the total
charge, the leader mechanism is not likely to appre-
ciably contribute to the spectrum below about 5 ke/s.

3. Return Stroke Current Moment
Characteristics

Once the step leader reaches the earth’s surface,
the main return stroke is initiated which travels
upward with an initial velocity in the order of 80
m/usec. It should be observed that this vertical
upward travel which actually slows down at higher
altitudes is really a growth vertically in the down-
ward acceleration of negative charge (in almost all
cloud to ground strokes) which has been deposited
during the leader process of the lightning discharge.

This downward flow of negative charge causes a

positive ° (upward) vertical electric current. Km-
ploying well-known concepts, we see that the main
return stroke in practically all cases constitutes a
positive vertical electric moment which can be
obtained by integrating the current times differential
height along the discharge path.

The height of various discharge paths differ appre-
ciably, and it is obvious when one visualizes the
mechanism involved that the shape of the moment
curve as a function of time as well as the relative
amounts of vertical and horizontal moment will
vary appreciably from one discharge to another. A
t\'pwal base current versus time for a single stroke
is shown in figure 2a. Figure 2b shows the manner
in which the return stroke length varies with time,
and the effective vertical moment and its differential
and integral as a function of time are shown in
figure 2c.
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Freure 2. Cloud to ground lightning stroke—estimated mediar
characteristics.

4. Electric and Magnetic Fields Produced
by a Time Varying Vertical Current

A vertical electric monopole on the surface of a flat

perfectly conducting earth as shown in figure 2

5 Schonland, Hodges, and Collens [8] observed only one apparent negative
current in more than 350 cloud to ground discharges.
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Fraure 3. Current monopole field geometry.

produces both electric and magnetic fields which, on
the surface neglecting ionospheric effects, can be

written as °
_ M(t")dt | M(¢t’ )'l‘(“[(t,)/(h‘:l
27re“ J ? cd? c’d
(1)

(electrostatic) (induetion) (radiation)
(/AMI’,/)/(H:I @)

\12’
”"’WV* [ ( ) cd

(induction) (radiation)

where:

1850 is the vertical eleetrie field in volts/meter,

H, is the tangential magnetic field in ampere
turns/meter,

€ is the permittivity of free space=[367 > 107!
in farads/meter,

M(t)® 1s the changing vertical electric moment,
1XI, in ampere meters,

[(t) is the dipole antenna current in amperes,

is the dipole length in meters,

d is the distance from the source to the point of
observation in meters where d > >/,

@ is the velocity of light=23>10% m/sec, and

t = (t—dJc).

If the current is chosen as I(t)=17 cos w t, we can
write

. —Il[sinwt’  coswt’ wsinwt’ .
Ev: + cd? - :] (’;>

27¢€, wd? cd
and

(4)

Hz»——ﬁ oos wt @ m;;ot ]

It is interesting to observe the effects of distance
upon the various terms of the electric field produced
6 See for example Jordan [9] or Wait [10].
7 Note that with respect to the conventional spherical coordinates, £,=—E6
when 6=90°.
T
8 It isnoted that M(t) di=q: less where g¢ is the total charge lowered in
)

(
coulombs and Zess is the average effective length of the discharge in meters.

by an oscillating electric dipole [11]. Beyond one
wavelength 7, and H, decay as 1/d. In figure 4,
obtained from Norton, it can be seen that between
d/A=0.1 and 1, all three terms are contributing to
E,, while for distances less than 0.1 the (1/d)* term
predominates.
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Fraure 4. Eleclric fields versus distance for oscillating electric
or magnetic dipoles.

5. Effective Discharge Moment Field
Relations

From eq (1) we obtain the three components for an

electric monopole.  The radiation field term, /7, can
be shown to be
L —2dM(t)/dt -
14,»»— "T’ (.))
the induction field term is
. —60M(t") .
Bi=—— (6)
and the electrostatic term is
18X 100 fM (1) dt
. (7)

E=

?

It should be emphasized that the monopole fields
shown hold only as long as d is large compared to the
monopole length, and reasonably Small compared to
the height of the ionosphere whose effects have thus
far been neglected.

Before attempting to examine fields produced by
actual discharges, it is important to note that the
peak currents “observed at the ground vary appre-
ciably about the average 30- l\.lmp value shown in
figure 2a. Cloud to ground stroke data obtained
from Robertson, Lewis, and Faust [12] are shown in
figure 5 along with radiated field data from Taylor
and Jean [13] where it 1s seen that the currents have
a somewhat greater dynamic range than a Rayleigh
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Frcure 5. Cumulative distribution of cloud to ground lightning
stroke current amplitudes at the earth’s surface, and Ko of
radiated waveform normalized to one km.

Peak current from Robertson, Lewis, Faust [12]. Peak fields from

Taylor and Jean [13].

distribution which has a slope of (—1) on this graph.
It should also be noted that the high altitude strokes
have much lower peak current amplitudes which
may result from the lower break down potential of
air at high altitudes or the lower ground conductivity
high in the mountains. The slope of the distribution
of normalized peak radiated fields is similar to that
for low altitude (below 2 km at the ground) currents
as would be expected.

6. Variation With Distance of Field Strength
Changes During Lightning Discharges

Observed changes in the vertical electric field near
to thunder storms obtained from Hatakeyama [14],
Tamura [5], Florman [15], and Taylor and Jean [13]
are plotted on figure 6 where it appears that the 1/d°
relation 1s valid for distances of about 4 to 20 km.
This agrees with Morrison [16] who indicated that
E,=E, at d=26 km. Beyond 30 km the observed
points group around the 1/d line with an amount of
scatter expected from the variations in peak radiated
field.

The peak negative swing of the radiation field
assuming a median stroke from figure 5 is seen to be

E,~300/d(km). 8)
The peak field calculated for the example in figure 2

is F,~260/d(km) which would indicate that it is
typical of a median return stroke.
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Frcure 6. Peak electric field variation from lightning discharges.

*for a complete discharge, assuming ¢X7=5.6X10¢ amp meter sec. **for a single

return ‘“‘short” stroke (current flow from 0 to 150 usec.)

When the electrostatic term is calculated with eq

(7) and a value of | M(¥)/dt~1.5%<10° amp meter-

seconds, we obtain

E,~3X10%d?(km). 9)

(single stroke)

It is obvious that this line shown on figure 6 is far

below the observed values. This relation takes into

account only the charge lowered during the first 180

wsec which, for the example in figure 2a, is 2.1

coulombs assuming that the current ceased to flow

after this time. This assumption, which is allowable

for the VLE radiation spectra considerations, is cer-
tainly not valid as far as the total electrostatic field

change is concerned.

Typical “long”? cloud to ground discharges con-
tain several multiple strokes each lasting about 100
usec and separated by an average time of about 40
millisec. The median peak current is about 30
kamp, and after each stroke a relatively small amount

° A long discharge occurs when a small (I~500—1000 A) current continues to
flow for several hundred milliseconds, and ¢,>10 coulombs. Short discharges

also occur where the current flow stops after about 4 millisec and g:~2 to 10
coulombs.
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Fraure 7. Lightning stroke, complete discharge current.

Record 208 7-31-42 smokestack of Anaconda Copper Mining Co., Great Falls,
Montana (From McCann).

of current (around 500 to 1,000 amp) continues to
flow between these strokes. A typical long discharge
from MecCann [17] is shown in figure 7. Although
the peak currents are less than the expected median
value, it is instructive to note that 81 coulombs of
(‘hdrge were lowered to the earth in this complete
dls(‘lmlgo as ('omp(u‘(\d to only 2.1 during the single

“short discharge” stroke of figure 2a. This means
that a large portlon of the chamo is actually lowered
between and after the main strokes.

Since the change in the electrostatic field is propor-
tional to the charge lowered times the effective height,
it is obvious that the actual field change observed
for a complete discharge will be much greater than
that indicated by (9) for a typical single stroke. Tt
should also be noted that during the high currents
of the return stroke, not only is the total charge
lowered small, but in addition the effective height is
likely less than during the between stroke current
flow. The charge of 81 coulombs is larger than the
average value of about 10 to 20 shown by MeCann
[17].  Assuming an average value of 20 coulombs
and an average effective h(‘l(’]lt of 2.5 km, we obtain

E~105d?* (km) (10)
(total discharge)

which is seen from figure 6 to agree very well with
observed field changes."

When the field is observed at a distance, compar-
able or short compared to the discharge longth, eq
(7) no longer is valid. 1In close where d<<, it is
shown by Wait [10] that the length of the column is
no longer a factor. The field is now a function of /
~and d, and we can write

/
DYy A
e log, () (12)

10 This relation obtained from independent data is the same as that given by
Pierce [18]. Reference [18] and its companion paper [19] contain a large amount
of useful information relative to the characteristics of lightning discharges.

where u is the permeability of the medium =
47107 "h/m for free space, and X\ is the free space
wavelength in meters. For these relations to hold
d<<l,and d/\<<1. Thus it is seen that the magni-
tude of £, will vary slowly with d. For example, if d
varies from 4 to 1 km and we assume X in the order
of 6<X10* km (f=10 ¢/s), the log function varies by
about 1 to 1.2. A dotted line with this slope is
drawn at the top of figure 6 where it appears that the
observed fields are varying in about this manner from
1 to 4 km.

7. Frequency Spectra of Individual Return
Strokes

It is instructive to consider the frequency spec-
trum of an individual return stroke such as shown
in figure 2 where the complete event is considered as
being consumated in approximately 180 wsec. The
frequency spectrum of the induction field term will
first be considered because of the ease with which it
an be obtained.

The induction field produced, £;, from eq (6) and
figure 2¢ is seen to be an unidirectional pulse with an
areain (v/m). The frequency spectrum of the induc-
tion field can be obtained by means of the Fourier
transform

GDi= | B
—60

=— (13)

M(t")e 7tdt-

When the frequency spectrum is obtained from the
response of narrow band filters, the relations de-
scribed in the appendix must be employed.

It is well known [20] that for a pulse of length 7,
the frequency spectrum is essentially constant for
f<1/37 and that G(f)=A where A is the area of
the pulse. Since 7>~180 usec, we can write for the
single isolated stroke

1G(f)i]= ‘”f M()dt (14)

200 ¢/s <f< 2,000 ¢fs.

If M(t) actually became and remained zero beyond
180 wsec, eq (14) would be valid for all frequencies
below 2,000 ¢/s. Since in a typical “long discharge”
the channol continues to carry some 500 to 1,000
amp until the next stroke or for a time in the order

of a hundred milliseconds, the value of JA\[(f)(lt

given in figure 2¢ is no longer valid beyond about
20 millisec and a lower limit of around 209 ¢/s must
be placed on f1in eq (14).

The radiation spectrum in this frequency range
an be obtained by observing from eq (3) that
27 fdG(f); -
e . L 1
G0 ="3%10° (13)
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and as a result combining (14) and (15)

4rf

6()l=rerg 0’ M(1) dt (16)

200 ¢/s <f< 2,000 ¢fs.

Assuming a typical average value of 1.4>X10° for

Jf\l (t)dt for the first 180 usec, we can write

2f

10° )

|G ()|~

typical avg long discharge, 200 ¢/s< £<2,000 ¢/s;
typical avg short stroke, £<2,000 ¢/s.

The spectrum below 100 ¢/s for a long discharge
f]\{(z‘)

dt for the complete discharge as shown in figure 8.
This function is seen to be essentially a ramp func-
tion with a linear slope m~1.7>10° amp meters
out to the end ofithe complete discharge which may
be in the order of 100 to 500 millisec. From the end
of the discharge, the electrostatic field recovers to
its initial value in a period of the order of 100 sec.

A ramp function with a slope “m’” is known to
have a spectrum

can be obtained by observing the shape of the

G()=gp (18)
Combining eq (3), (7), and (18) we obtain
2
6P =T57q (19)

10< £<100 ¢fs.
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Fraure 8. Typical long discharge moment relationships.
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Employing an assumed typical JJ[(f)(lt with an

m of 1.7>X10°% amp meters

0.:
l(i<f),|f:7i (20)

10 <f<100 ¢/s typical ave discharge.
It is interesting to observe that the radiated spectrum
in this region is independent of frequency.
For frequencies in the order of 1 ¢/s, the J M (t)dt

looks like a saw-tooth wave where the important
contributions come from the leading edge which
approximates a step function. The step function
has the well known spectrum

h

G(N=5r7 (21)
where £ is the height of the step.
Clombining eqs (3), (7), and (21) we obtain
IG( f),|=‘11(’;;—f1 f M(t)dt(max) (22)

0.2¢/s< f<2¢/s.

If we employ the maximum moment integral value
shown in figure 8 as 1.5X10° amp meter seconds,
we obtain

0.2f

G|~ (23)

The radiation spectrum obtained for an assumed
average complete cloud to ground discharge is shown
in figure 9 where the straight line sections are ob-
tained from the preceding simplified relationships

50[ /AN

[ OBTAINED FROM THE AVERAGE ~

B

(=) OF 30 STROKES AT 160 10 600 km =
% 70 | (Taylor and Jean) ([13] /;/ T
= /.
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Fraure 9. Calculated and observed frequency spectrum of the
radiation component of field strength from an average cloud to
ground discharge, mormalized to a distance of 1 km. (pre-
cursor fields have been neglected).



over the frequency range where they are expected
to be valid. The solid and dotted curves represent
the average spectra obtained by Fourier transforms
of observed fields of individual cloud to ground
strokes. The solid straight line with a 12 db/octave
slope near 50 ke/s was calculated employing the ramp
function transform and the initial slope of the dM/dt
curve in figure 2¢.  The general expression is

G 21210 97 d (24)

If we employ a slope m=8>10' amp meters/sec*

4108
an =2
f>50 kefs.

This line appears to lie about 6 db below the observed
spectral values in the 40-ke/s region. If the wave-
form in figure 2¢ is closely observed, it is apparent
that the reversal in slope at 20 wsec will contribute
almost an equal amount to the frequency spectrum
in the 30- to 50-ke/s region.  Adding 6 db to the
values from eq (25) gives good agreement with the
observed spectra.

It should be emphasized that individual spectra
will vary appreciably since the moment time func-
tions of individual discharges are quite variable.
The maximums and minimums observed in the 15-
to 40-ke/s region of the radiation spectra obtained
from Florman are caused by the different lengths of
the+4and-—half cycles of the moment differential,
and each individual discharge is likely to have this
type of structure above 15 to 20 ke/s.

The average f[requency spectra shown by the
dashed lines in figure 9 are based on assumed average
cloud to ground discharges where the low frequency
portion for the long discharge include the effects of
normal multiple strokes. The actual spectrum of
any particular cloud to ground discharge may vary
appreciably from the spectra shown. There is also
a possibility that discharges from tropical types of
storms may differ appreciably from the results shown
here which are based on a model believed to be
fairly typical of the discharges occurring in temperate
zone thunderstorms. It is instructive to observe
that in the frequency range from roughly 10 to 100
¢/s that the radiation spectrum for a long discharge
appears to be essentially constant. This results from
the appreciable current flow between multiple strokes
which may last for periods up to several hundred
milliseconds. For short discharges where the cur-
rent ceases to flow relatively soon after the initial
stroke, the frequency spv(llal components continue
to decrease with decrease in frequency as indicated
by eq (17). Since the frequency spectrum compo-
nents in the 1- to 200-¢/s region are seen to be
primarily generated by the relatively low amplitude
current flow between strokes, it would appear that
inter- and intracloud strokes with appreciable ver-
tical travel may be as effective as cloud to ground

strokes in producing ELLF energy. The importance
of the initial slope of the dM/dt curve in producing
energy in the 3- to 30-kc/s region indicates that
cloud to cloud discharges are not likely to produce

large VLF fields.

8. Variation of Frequency Spectra With
Distance

The frequency spectra shown in figure 9 would not
be observable at any given location because of the
wide frequency range covered. The actual observed
field would vary according to eqs (3) and (4) if the
ionosphere could be neglected and the earth were a
perfectly conducting flat plane. For distances short
compared to the height of the ionosphere, this as-
sumption is relatively valid provided of course that
the distance is large compared to the height of the
discharge channel.

Wait [21] has treated the waveform variations at
short ranges, and also given the relationships antici-
pated at longer ranges for the observed electric and
magnetic fields relative to the plane earth radiation
field from caleulations based on the waveguide con-
cept [21, 22]. The results obtained are shown in
ficure 10 in terms of the W function which is the
ratio (expressed in decibels) of the vertical electric
field to the radiation component of the vertical elec-
tric field for an assumed infinitely conducting plane.
The frequency spectra expected at 10 and 100 km
from a typical average discharge have been calcu-
lated with the aid of figures 9 and 10 and the results
shown 1n figure 11. For longer ranges the appro-
priate W function values can be obtained from Wait
[21 to 23].

20 LOG |W/ , db

4 6 810 20 40 60 80100 200 400 600

DISTANCE (d),km

1,000

Ficure 10. Ratio of actual vertical electric field to the radiation
component over an infinitely conducting plane, |W|=E,/E,
(from Waat).

Calculations based on ionospherie:
height=90 km

parameter, o,=5X10% rad/sec }mghl .
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Fraure 11. Calculated spectrum of the vertical electric field for
an assumed average long discharge cloud to ground lightning
discharge, d km from the observing point.

9. Spectra From Fields Produced by Motions
of Clouds

The motion of clouds and charged volumes pro-
duces relatively large vertical electric field changes.
The magnitude and rate of change in these fields
suggest that a very rough approximation of the
spectra for /<1 ¢/s might be obtained by considering
portions of £,(t) which appear as ramp functions.
Typical slopes are in the order of 4 and 0.004 (v/m)/
sec for stormy and fair weather fields. Employing
eq (18) we obtain

stormy clouds
f~1 c/s
and
1

fair weather
gl @

For frequencies above 1 ¢/s the spectrum is likely
to decrease as 1/f? since the field appears not to
have discontinuity in slope for f>1 ¢/s. These fields
are included in figure 11 to give a rough estimate of
possible contributions from this mechanism. Loop
antennas will of course be much less subject than
whips to effects of this kind.
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10. Appendix. Filter Impulse Response

It should be observed that the frequency spectrum
as defined has the dimensions of E(f) multiplied by
time which in this case is (volts/meter) seconds.
The frequency spectrum amplitude observed with a
spectrum analyzer is dependent on the characteristics
of the filter employed. The impulse function re-
sponse of a circuit is given by

L~0<t>=§ " A(w) cos [wi—B(w)]dw

where A is the area of the impulse function, A(w)
and B(w) are the amplitude and phase functions of
the circuit. If we assume an idealized loss-less rec-
tangular filter with a linear phase B(w)=S8w, the
output is

s(t)=4AF, [MKT)] )

where the peak transient response is 246 which
means that peak output of this filter is 2bg(w) pro-
vided of course that ¢(w) is constant over the 6-db
bandwidth 6. In actual practice A(w) is not rec-
tangular and the peak response of a physical filter
with unity gain at the center frequency is given as

Vi(peak)=kg(w) b
=kG(f) b

where £ is dependent on filter configuration, and
varies from values of about 1.5 to 3 for typical filters.
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