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Abstract

Early ELF measurements and equipment devel:pment between 1960 and 1963 have
been described in reports AFCRL-990 and 62-734, Based upon this work a series of
measurements of the horizontal magnetic field in the 5 to 15 cps frequency range
were performed in Kingston, R. I., U.S.A., and Bramenbirg, Germany between May,
1963 and June, 1964, These two locations are separated in distance along the
earth's surface by approximately 4000 milesy their respective coordinates sre
lat. 41°30' North, long 71932 West (Kingston) and lat. 47926" North, long.
12°03* East (Brannenburg).

Simultaneous readings on paper tape running at 25 mm/sec obtained on 30
different dates for a total of approximately 321 minutes indicate that some ELF
bursts were received simultaneously and must have originated from a common
source; most of the time, however, the records at the two stations were not sim-
ilar in appearance.

The rectified output of a narrow band filter about the frequency range of
the £irst Schumann resonance (7.5 - 10 cps) was recorded continuously at both
stations over periods of several months. Recordings at the two locations ex-

hibit very similar diurnal variation if the data are referred to local time.



RESULTS OF SIMULTANEQUS ELF
MEASUREMENTS AT BRANNENBURG{(GERMANY)

AND KINGSTON, RHODE ISLAND,

1. Introduction

The usual theories of the Schumann resonance phenomenon (2,5,7,9,10)
assume homogeneous and isotropic boundaries of the earth-ionosphere cavity.

If this assumption is a good approximation in the frequency range concerned,
not only for the calculation of resonant frequency, but also for the predic-
tion of local field distribution, it should be possible to receive simultane-
ously very similar signals at widely separated receiving stations, at least
when large bursts - above the usual background level - are present. Further-
more, diurnal variations of intensity level should depend upon the diurnal
variation of world-wide thunderstorm activity, corrected for the angular
separation between source (presumably a lightning center) and receiving station;
data of relative amplitude from two stations at different longitude should thus
be similar when plotted against universal time and no similarity is expected
when data are plotted against local time,

To verify these effects, and thereby to test to what extent homogeneous,
isctropic cavity boundaries may be assumed, when calculating the field intensity
at any point in the cavity (at a resoneat frequency), a series of simultaneous
measurements were performed in Kingston, R.I., near the University of Rhode

I1sland and in Brannenburg, Bavaria, by Dr. H, L. Kbnig.



2, Instrumentat

The equipment which was used has been described in detail elsevhere
(8 and 11). Very similar, although not jdentical, instruments and arrange-
ments like that shown in fig. 1 were employed at the two locations. Coils
with horizontal coil axis, an axially oriented iron core, and 249000 turns of
number 38 wire were used as pick-up devices. They were followed by an ampli-
fying system which compensated for the rising amplitude-frequency characteris-
tic of the coil so as to give recordings proportional to H and not to the time
derivative of H, Orientation of the axes of the receiving coils were as follows:
During the summer of 1963 until October 1, 1963 the Brannenburg coil was oriented
N-S (magnetic) and the Kingston coil E-W; from October 1, 1963 to early February
1964 both coils were oriented E-W; thereafter the Brannenburg coil remained in
the E-W direction and the Kingston coil was oriented N-S.

For the synchronized measurements the output of the filter circuits
was recorded - without rectification - on paper tape running at 25 mm/sec.
The frequencies passed by the system were 5 to 10 cps (flat response) in
Brannenburg and 5 to 17 cps or 7.5 to 10 cps, depending upon the filters used,
in Kingston. Timing pulses were locally generated, but synchronized in Kingston
to within + 20, -10 milliseconds with the Canadian Observatory Station CHU at
7.3350 MC; timing pulses in Brannenburg were set to the time transmissions of
the AFN station in Munich at 1.1MC, the maximum error in the position of these
pulses was * 3 milliseconds at the beginning of each three minute recording in-
terval and * 57 milliseconds at the end of each such interval. Time delays in
all amplifying systems were also measured. If differences in time delays and
possible timing inaccuracies are added it appears that signals which arrive
simultaneously at both locations could be displaced by not more than 0,1

second on the respective records,
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Date on diurnal amplitude variation in the first Schumann resonance
region were obtained by recording the rectified output of the tilters
(7.5 to 10 cps in Kingston) on slowly moving paper tape; the Kingston re-
corder running at 0,2 inches/minute was operated for one minute in each 10
minute interval while the Brannenburg recorder wes running continuously at

20 mm/hour.



3. Results of Synchronjzed Measurements

A total of 107 three-minute recordings (321 minutes) were obtained
on 30 different measurement days., Until February 28, 1964 the paper tape re-
cordings made in Kingston reproduced the entire 5 to 15 cps band. Starting
on that date the narrow band filter (7.5 - 10 cps) was added to reduce back-
ground noise level and to exclude energy in the second resonance (14 cps)
region, Measuremants were taken on the following dates: june 15, 1963,
July 12, 19, 20, 26, August 9, 23, October 11, 18, 25, November 22 and Decem-
ber 13, 1963; February 28, 1964, March 26, May 1, 2, 7, 8, 9, 15, 16, 18, 22,
23, 27 and June 1, 5, 6, 12 and 13, 1964, Simultaneous bursts were noted on
the dates indicated in table 1.

Iable 1.
Dates on which coincident noise bursts were observed.

P( x 2 ¢ ) is the probability of the number of coincident bursts x being equal
to or greater than the number of coincident bursts ¢ which were observed;
P( x > ¢) is calculated on the assumption that the occurrences of bursts in

Kingston and Brannenburg are completely unrelated random events.,

June 14, 1963 P{ x 2 1) = 0,072
July 12, 1963 P( x 21) = 0,131
July 26, 1963 P( x > 1) = 0,027
Feb. 28, 1964 P( x 2 3) = 0,005
June 1, 1964 P( x > 3) = 0,021
June 13, 1964 P( x 21) = 0,017

June 13, 1964 P(x21) =0,2



Since the occurrence of simultaneous bursts like those shown on
figs. 2 and 3 was a relatively rare event, the hypothesis was tested that
the occurrence of simultaneity was simply that random coincidence which must
occur occasionally if a large number of bursts are observed at both stations.
If a is the number of observed bursts above background level in
Kingston, b the corresponding number for Brannenburg, and n the total number

of 0,1 seconds intervals ( = 1800 for a three minute recording period ), then

P[A] = § probability of a noise burst starting in

any 0,1 second interval in Kingston

P(B] = E probability of a noise burst starting in

any 0.1 second interval in Brannenburg

If the records are statistically independent, the probability of a

burst starting on both records in the same O.1 second interval is (4,pp 114-117):

p(aB] - 22 ¢}
n

If we consider the occurrence of simultaneous events as an independent trial
process, each 0.1 second interval is a trial with a probability of success
P[AB]. The probability of x successes in n trials is given by the binomial
distribution (4, p, 137) which can be approximated by the Poisson distribution
if n is large and p small (4, p. 143); thus the probability of cbtaining ex-
actly X successes in n trials is

-aP

£(x) ne & o (2)

and the probability of the number of "successes" (bursts on the assumption
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of purely random coincidence) being greater than or equal to the number of

observed coincidences, ¢, is given by

. x me-1
P(xzc)=) £x)=1l-) £x) 3
xinc xi-O

This probability is also shown in table 1. It is apparent that on five of
the seven three-minute records where coincidences occurred, the probability

that these coincidences were due to chance alone is less than O.l.
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4. Relation of Simultanejty of Bursts to Geomagnetic and Solay Activity

Since the occurrence of coincident bursts was a relatively rare event
the possibility was investigated that the periods when such bursts occurred
might be characterized by particular geomagnetic or solar activity. No corre-
lation was found with the magnetic index, Kp, for the appropriate intervals,
The evidence for direct connection with solar activity is not conclusive and
additional observations over a longer period of time is necessary.

For comparison with solar activity the "Solar Flare Activity Index" F
(ref.3) published by the High Altitude Observatory in Boulder, Colorado was
used; it is an indication of the integrated Hydrogen-a (6563A°) flare energy
from the sun., The data are given in table 2. These averages suggest an
association between F and the occurrence of coincident bursts, but no definite
conclusion can be reached, because F varied over a rather wide range during

the days of observation ( 0 < F < 100 ),

Table 2.
Coincident bursts and solar flare activity index. .
Average for six days with coincident bursts 30
24 days without coincident bursts 6
Average for all 30 days 11
Average for entire year 6/1/63 - 6/1/64 16.3

(Excluding values of F > 100)

If one distinguishes only between zero and non-zero values of the

flare index F, the following table can be constructed which gives the number



of days for each event:

Event A F>0 Event C: Coincident bursts occurring
Event A F=0 Event C: No coincident bursts
c c

A a=13 b=35

A c=3 del7

The probability of events A and C occurring simultaneously on the basis of
purely random coincidence is

P(AC) = P(A) P(C) (4)
The total number of events isn=a +b + c +d, the probability of C occurring
is P(C) = (a*c)/n, the probability of C not occurring is P(C) = (b*d)/n, etc,
the expected value (1, p. 78) - on the basis of random coincidence - of simul-
taneous bursts occurring on a day with flare activity index F > O is

E(a) = n P(AC) (5)
The expected values for the various combination of events on the basis of pure

random coincidence and the actually observed values are shown on table 3.

Expected and observed values for the occurrence of coincident bursts

on days with F > O o F = O,

Expected Observed
Simultaneous bursts
and F > O E(a) = 1.72 k)
No simultaneous bursts
and F > O E(b) = 6.3 5
Simultaneous bursts
and F = 0 E(c) = 4.3 3

No simultaneous bursts
and F = O E(d) =15.7 17
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Examination of table 3 suggests again that the occurrence of simul-
taneous bursts on a day with F > 0 may not be a chanre event, since the number
of observed cases, 3, is equal to 1,75 times the expected value (1,72), To ob-
tain a more reliable interpretation of these results, however, the probability
that the association of coincident bursts with F > O was a chance event, was
computed by use of the "chi-square statistic" (1, pp. 174, 264), It can be
shown that the abscissa of the discrete chi-square distribution is given by
(ad - bel? n

- 6)
(a+b] [c+d] [b+d] [a+c]

2

If a correction is made for the fact that the chi-square statistic is discrete,

whereas the generally available tabulated chi-square distribution is continuous,

it can be shown (1, p. 188) for a two by two table that the adjusted x2 is given
n-2

by , G |ad-be]| - E] n

adj X = (n
[a+b] [c*d] (b*d] [a+c]

Substitution of the appropriate numerical values into (6) and (7) and reference
to chi-square tables (1,) leads to the following results:
Probability that flare index F > O and occurrence of simultaneous
bursts are independent: P[ X2 >1.72] = 0,19
This value is not corrected for discreteness or small sample siza,
Probability that flare index F > O and occurrence of simultaneous
bursts are independent, computed with correction for discreteness
or small sample size: P[ xz > 0,64 ] = 0,43
The last value indicates that there is still a 43 per cent chance that the
occurrence of simultaneous bursts on days with F > O is a purely chance event.
Thus additional observations are needed to establish a connection between
F > O and occurrence of simultaneous bursts despite the appearance of tables

2 and 3.
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5. Diurnal Variation of Amplitude
Amplitude data for each hour, averaged over observation periods se-
lected so that continuous data were available for both stations, were normal-
jzed to indicate a maximum of one, Fig. & 1is such a plot for 40 days
during Oct, - Nov, 1963, The time scale is Universal Time, with noon for
Brannenburg (CET) and Kingston (EST) also shown. Times of local sunrise (on
Oct. 1, Nov, 1, and Nov. 30) on the earth's surface are shown by upward pointing
arrows and times ot sunset by downward arrows. On the lower part of fig. 4 the
diurnal variation of average thunderstorm activity as published in 1960 (Hand-
book of Geophysics, ref. 6) is shown for the major thunderstorm centers of
the world; the curves from left to right correspond to activity in South-East
Asia, Central Africa ond Central America. It would seem that if the recorded
magnetic field variations in the first Schumann resonance region (7.5 - 10 cps)
are primarily due to thunderstorm activity, the Brannenburg station is affected
primarily by lightning activity in Asia and Africa, and the Kingston station
by corresponding activity in Africa and America. This is not entirely what
one would expect on the basis of simple resonance theory which predicts (for
example 10) that the horizontal magnetic field in the first mode should vary
as the sine of the angle between the source and the observing point. Based
upon the "Handbook of Geophysics' the areas of maximum thunderstorm activity
in November are shown on table 4; also shown there are the angular separations
between these areas and the Brannenburg and Kingston stations. The data for
thunderstorm activity represent averages for a period of several years before

1956 and may, of course, not represent the exact situation in 1963 or 1964.
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Table 4.

Areas of maximum thunderstorm activity in November and angular

separation between these areas and the observation statioms.

Angular separation

along great circle path

between source and

Area of thunderstorm activity Brannenburg Kingston
Central America  15°S, 60%W 90° 57°
Central “crica SON. 5°E 45° 76°
3°N, 15% 45° 85°
3%, 30%E 54° 100°
South East Asia 2%, 105°%€ 94° 138°
10%, 125°E 113° 144°

’

Except for the suggestion that the Kingston station shculd be least
atfected by the South East Asia thunderstorm area [sin 144° & 0.58], the angu-
lar separations shown in table 4 cannot satisfactorily explain the diurnal
variations of ELF intensity displayed on fig. 4; for example the Brannenburg
data should be affected about equally by activity in Central America (90°
separation) and South East Asia (94° to 1130), but activity in Central Africa
seems to have a much greater effect than activity in Central America.

The most pronounced effect which is apparent on Fig. 4 is the rapid
increase of ELF activity at sunrise for both stations, and the more gradual
decay beginning before sunset, The period between 900 and 1500 local time
corresponds to maximum activity, These effects are also illustrated by
fig. 5 where the ELF amplitude variation is plotted against local time.

Curves for a 30 day period in May 1964 are shown on figs. 6 and 7;

the corresponding thunderccorm data are summarized in table S:
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Table 5,

Areas of maximum thunderstorm activity in May and_angular separation

between these areas and the observation stations,

Angular separation
along great circle path

between source and

Area of thunderstorm activity Brannenburg Kingston
Central America 12°0 85%W 85° 32°
1005 750W 90° 520
2% 50°W 80° 470
Central Africa s°N 10°E 43° 80°
0° 30°E 50° 970
South East Asia 100N 100°E 80° 127°

The Kingston data seem to be very heavily affected by the Central
American activity; a separation of 32° corresponds, however, only to a distance
of approximately 2200 miles (3540 kilometers). Since the free space wavelength
at 8 cps is 37500 km, the distance to the Central American thunderstorm center
is less than A/10 and the Kingston station is still in the induction field of
this exciting source; thus corrections to the simple mode theory would be re-
quired. Apart from the shift of the Kingston peak from 1400-1600 UT to 1700-2100
UT the relation of ELF amplitude to lightning activity in the areas of South East
Asia, Central Africa and Central America is similar to that shown in fig. &4 for
October-November, Clearly apparent for both stations, and shown by fig. 7, is
again the increase of ELF activity after sunrise and the decrease at sunset. The
rate of increase of ELF activity at sunrise is, however, lower in May than in

October-November.
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6. Conclusions

Synchronized simultaneous measurements of magnetic ELF activity in the
first Schumann resonance region indicate that only a small percentage of the
total observed bursts above background level seem to originate from the same
source. There is some possibility that occurrence of such bursts at both
stations may be enhanced by increased solar activity,

Records of diurnal variation of magnetic ELF activity in Central Europe
and the East Coast of North America clearly show a dependence upon local sun-
rise and sunset suggesting that the reception of magnetic fields in this
frequency range is affected by the local condition of the ionosphere or at

least, by variations of ionospheric properties with longitude.



(1)

(2)

3)

(4)

(5)

(6)

¥

(8)

(9)

14,
7. References

Adder, H.L., and E,B, Roessler (1962), Introduction to Probability and
Statistics, second ed. (W,H, Freeman and Co., San Francisco).

Balser, M., and C.A. Wagner (1960), Observations of Earth-lonosphere
Cavity Resonances, Nature 188, 638 (1960),

Billings, D.E., and D.E, Trotter (1953), Solar Research Memorandum No. 13,
Flare Activity Index (High Altitude Observatory, Boulder Colorado).

Feller, W. (1957), An Introduction to Probability Theory and its Applica-
tions I, second ed. (John diley and Sons, New York).

Galejs, J. (1964), Terrestrial Extremely-Low Frequency Propagation, pp 205-253
in Natural Electromagnetic Phenomena Relow 30 KC/S (D,F. Bleil, editor),
Plenum Press, New York).

Handbook of Geophysics (1960), prepared by U.S, Air Force, Geophysics
Research Directorate, revised ed., p. 9-13,(Macmillen Co., New York),

K¥nig, H, (1959), Atmospherics Geringster l'requenzen, Z, Angew,
Phys., 11, 7, 264-274,

Polk, C. (1964), Some Recent Magnetic Field Measurements in the Earth-
Ionosphere Resonance Region, chapter 30, pp 435-456 in Propagation
of Radio Waves at Frequencies Below 300 KC/S (W.T, Blackband, editor),
(Pergamon Press, Oxford).

"
Schumann, W.0. (1952), Uber die strahlungslosen Eigenschwingungen einer ,,
leitenden Kugel, die von einer Luftschicht und einer lonospharenhulle
umgeben ist, Z, Naturf., 7a, 149-154,

(10) Wait, J.R, (1960), Terrestrial Propagation of Very-Low-Frequency Radio Waves-

A Theoretical Investigation, J1. Res, Nat, Bur, Stand, 64D,2,153-204,

(11) K®nig, H,L, (1964), ELF Investigations, Final Report No. 1,

Contract AF 61(052)-603,



Fig. 1

Fig., 2
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Figures

Block diagram of receiving system,

Section of rapid-run records obtained simultaneously in Brannenburg
and Kingston on June 1, 1964 showing simultaneous bursts. (From top
to bottom: Kingston signal, 7.5-10 cps amplifier, Kingston timing
pulse, Brannenburg record 7.5-10 cps amplifier, Brannenburg 3-8 cps
amplifier, Brannenburg timing pulse),

Section of rapid-run records obtained simultaneously in Brannenburg
and Kingston on June 13, 1954 showing simultaneous bursts. (From
top to bottom: Brannenburg record 7,5-10 cps amplifier, Brannenburg
record with 3-8 cps amplifier, AFN 1,1MC signal, Kingston signal
7.5-10 cps, Kingston timing pulse,

24-hour records for Brannenburg (B) and Kingston (K), averaged over
40 days in Oct,, Nov. 1963 and diurnal variation of thunderstorm
activity.

Oct., Nov, 1963 24-hour records for Brannenburg (B) and Kingston (K)
plotted against local time.

24-hour records for Brannenburg (B) and Kingston (K) averaged over
30 days in May 1963 and diurnal variation of thunderstorm activity,

May 1963 24-hour records for Brannenburg (B) and Kingston (K) plotted
against local time.
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Fig. 4 24-hour records for Brannenburg (B) and Kingston (K), averaged over
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plotted against local time.
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