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Abstract--Schumann
resonance waveforms in the lower ELF band are produced
by distant lightning
discharges. The multiplicity of world-wide thunderstorm
centres provides a background
spectrum which is
generally incoherent.
Superimposed
on this background
are larger amplitude
events from individual
thunderstorm
centres. Source direction finding requires the determination
of the polarization
properties of
these complex and superimposed
waveforms. A time domain polarization
analysis technique is described
and applied to a variety of examples of Schumann
resonance waveforms. The background
waveforms
display the anticipated level of incoherent polarization
properties. It is demonstrated
that the technique can
isolate individual waveforms that are linearly polarized and which represent the arrival of short path signals
from single source locations

INTRODUCTION

resonance
mode but provides data
for studies of the higher order modes. It is data from
this decade, part of the lower ELF band, that is the
subject of the present study. The data were collected in
western Anatolia (Turkey); geographic
coordinates
40.5”N, 30.O”E.
In general,
Schumann
resonance
waveforms
comprise ‘events’ superimposed on a background. The
spectral content of typical decade 1 data has been
described
by BEAMISH and TZANIS (1986). Stable
Schumann resonance modes are consistently resolved
(7.5 Hz) Schumann

In the ELF band (5 Hz-25 kHz) electromagnetic
energy is largely produced as radiation from vertical
lightning discharges. It is estimated that of the order of
100 lightning flashes occur each second (TURMAN and
EDGAR, 1982). Such sources
may contain a wide
spectrum of frequencies, however, for distant sources
the energy undergoes multiple reflection in the Earthionosphere cavity giving rise to frequency dependent
attenuation.
The main energy components
in the
lower ELF band (5 Hz-2 kHz) are the Schumann
resonance
modes.
The energy propagates
as a
transverse magnetic mode in which the electric field is
largely radial and the magnetic
field horizontal
(MADDEN
and THO~ISON, 1965). Although
the
polarization characteristics
of the horizontal magnetic
field are required to successfully locate a discharge
centre (KEMP, 1971; BLIOKH et ul., 1980), only a few
examples
of the polarization
properties
of ELF
waveforms have appeared in the literature.
The data used in the present analysis have been
previously examined in the high-resolution
spectral
of BEAMISH and
TZANIS
(1986).
The
study
AudioMagnetoTelluric
(AMT) instrumental
conditioning and collection scheme provi,des four decades
of data from 100 to 0.01 Hz. Decade 1 data are
sampled at 200 Hz and provide a data bandwidth from
100 to 10 Hz. This decade attenuates the fundamental
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at 14.0, 21.0, 27.0, 33.5 and 39.5 Hz by integrating the
spectrum over real time windows of approximately
90s. An examination
of the time local spectral
properties
of Schumann
waveforms
revealed large
variability
in power spectral densities
and their
frequency content. The sonogram of Fig. 1 is used to
illustrate this behaviour. The lowest power levels arise
from the continuum of background activity. The peak
power levels are due to large amplitude
transient
events. JONESand KEMP (1970,197 1) indicate that for a
given ionosphere the spectral structure of Schumann
waveforms is strongly dependent on distance from the
source. BEAMISH and TZANIS (1986) attributed
the
spectral variability indicated in Fig. 1 to the effect of
signals being received from a variety of distributed
source locations. The present polarization analysis of
the horizontal magnetic field enables this assertion to
be examined in detail.
In order to extract realistic polarization parameters
for the waveforms considered it has been necessary to
investigate suitable time local polarization techniques.
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Fig. 1. High resolution sonogram of the N-S (H)magnetic component. Four perspective views of the same
sonogram. Data collected on 8 June 1984. Power density values in (nT)’ Hz-’ x 10e6; n = 2, 3, 4, 5, 6
modes;
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A monochromatic,
elliptically-polarized
wave of
angular frequency w may be defined by its two
orthogonal components
x(t) = X(t).cos [wt+d,(t)],
y(t) = Y(t) . cos [wt + &@)I,
e.g. the two horizontal magnetic components (H, D).
The basic theory of polarization analysis is then as
given by BORN and WOLF (1959) and repeated by
FOWLERet al. (1967). The polarization characteristics
are usualty derived by examining the coherence or
cross-spectral matrix between the two components.
Such characteristics are obtained in the frequency
domain across appropriate time averages. In the
present study we adopt a technique which permits the
derivation of polarization parameters in the time
domain, in the form of instantaneous values. The
advantage of this approach is that it permits the
tracing of any variation in the state of individual
waveforms encountered within a particular data
window.

DATA ANALYSISAND THE CONCEPT
COMPLEX SIGNAL

OF A

KODERAet al. (1977) describe a method for the
analysis of polarization
of any two orthogonal
components (x, y) based on the complex representation of a polarized signal. The technique was first
described by GABOR (1946). The technique extends the
formalism obeyed by an analytic signal to a two
component representation. The method proposed by
KODERA et al. (1977) was primarily intended for
measurements made in rotating frames of reference
(satellites and spacecraft), but it is also suitable for a
wide range of applications, such as narrow band or
linearly poiarized signals in fixed, although arbitrary,
frames of reference. Our AMT data exhibit large
waveform variability and are recorded in relatively
narrow band schemes over time intervals comparable
to those of many transient ELF events. In the present
study we use the same mathematical formulation as
KODERA et al. (1977), but a different numerical
implementation. A detailed account of the formalism

Schumann resonance waveforms
can be found in KODERAet al. (1977) and only a brief
description is provided here.
For a given monochromatic signal x(t), defined by
x(t) = X(t).cos [wt+$(t)],
a complex or analytical signal x,(t) may be defined by
x,(t) = x(t) + E(t),
where Z(t) is the Hilbert transform of x(t). The
instantaneous
amplitude X(t), the instantaneous
phase 4(t) and the instantaneous frequency f(t) are
then given by
X(t) = [x’(t) + x2(t)]1’2,
4(t) = tan-’

[i(t)/x(t)],
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The polarization
parameters are conventionally
expressed in terms of the amplitudes and phases of the
two orthogonal components. The above formulation,
however, provides expressions in terms of the circular
components of the signal. A circular signal is not
affected by the orientation of the coordinate system
and therefore the amplitude of the complex signal
remains invariant and all the information about the
polarization axis is contained in the phase term. We
now go on to obtain the relationships between the
conventional polarization parameters and the two
circular components c + and c - . We consider the case
of monochromatic, elliptically-polarized signals only.
Consider two circular components as given above
with
c+(t) = A, .exp [i(wt+Q,,)],

m =p [4(t)].

c-(t)

The complex signal associated with a real signal
having two orthogonal components (x, y) is simply
defined as
c(t) = x(t) + iy(t).

KODERAet al. (1977) demonstrate that it is possible to
express the complex signal in terms of circular
components rotating in opposite directions. At any
given frequency w0 we may write
c(t, wO)= C(w,) ‘exp (iw,t),
which represents a circular harmonic in the complex
plane rotating in a sense depending on the sign of wo.
Positive frequencies correspond to polarized signals
rotating in the positive (counterclockwise) sense and
negative frequencies to signals rotating in the negative
(clockwise) sense. The power spectrum of the complex
signal is related to the intensity of the circular
components and the spectral asymmetry is linked to
the polarization of the real signal.
It is possible to divide the frequency spectrum of the
complex signal into two parts, corresponding to
positive (+) and negative (-) frequencies, such that

= A,.exp [i(wt+&)].

When the two components are in phase the signal
reaches the maximum amplitude (IA, +A,[), which
represents the major axis of the polarization ellipse.
When they are out of phase the signal reaches its
minimum amplitude (IA, -A21), which represents the
minor axis of the polarization ellipse. The polarization
parameters are therefore simply obtained as
half major axis: a = Ic + (+ Ic - 1,
half minor axis : b = (c+ I - Ic - 1,
ellipticity : E = b/u,
azimuth: 0 = [arg(c+)+arg(c-)]/2.
In these expressions b and E are positive for
counterclockwise rotation, and vice versa. Although
all the above expressions assume monochromatic
waveforms, KODERAet al. (1977) suggest that these
formulae may also be used to obtain instantaneous
polarization parameters for non-monochromatic real
signals. The numerical
implementation
of the
procedure is described in detail by TZANIS and
BEAMISH(1986).

C(w) = C+(w)+C-(w).
By inverse Fourier transformation

we then obtain

c(t) = c+(t)+c-(t).
KODERA ef al. (1977) show how these circular
decomposites of the complex signal can be expressed
in terms of the analytic signals for x and y. The
expressions are
(: + (t) = [x,(t) + iy,@)l/2,
c-(t)

= [x.*(t)+iyz(t)]/2.

TIME DOMAIN

HODOGRAM!S

Prior to the presentation
of the polarization
properties obtained using the above procedures, we
first examine simple time domain hodograms.
Throughout the results presentation we use 150 data
points of decade 1 data with a sampling rate of 200 Hz.
The components used are the two horizontal magnetic
field components (H,D), expressed in nT. Time
domain hodograms simply plot the locus of the
rotation vector of the two orthogonal components in
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the horizontal plane. For a given data window (150
points) we may plot the rotation vector over the whole
window or over selected subsets. Here we display the
two ~om~nents over the whole data window and plot
hodograms for the five successive subsets of 30 points
encountered within each window. The hodograms of
each subset are independently scaled. The procedure
thus approximates
the selection of individual
waveforms.
The data were collected at a single site on 26 July
1984 commencing at 12.40 h (local time). The results
from three data windows are shown in Fig. 2. The
largest peak-to-peak amplitudes are all less than 0.05
nT, and where waveform amplitudes fall below 0.01
nT we begin to encounter noise. The RUN numbers
refer to the collection number of each data window.
Successive
data
windows
are separated
by
approximately 3 s in real time. We present the results
to convey the general complex nature of the sferic
waveforms encountered. It can be seen that the
waveforms provide the whole range of elliptical
polarization properties from linear through to quasicircular. It can also be seen that the time domain
hodograms offer only a relatively crude method of
presenting the polarization characteristics of these
complex waveforms.

TIME DOMAIN POLAIUZATION OF
BACKGROUND SFEBICS

Detailed polarization results are now presented for
3 data windows which weconsider to be repre~ntative
of background sferic source fields. The data were
collected at a single site on 8 June 1984 commencing at
10.40 h (local time). The same method of presentation
is repeated for all three examples. For each example
shown in Fig. 3 the polarization parameters ellipticity
(E) and azimuth (0) are plotted in the time domain
below the corresponding data. This method of display
enables the variations in the state of polarization of
individual waveforms to be monitored. The results
obtained have been fully verified using the above
simpler techniques. The instantaneous values of (E, 8)
consist of a series of discrete symbols that correspond
to the extrema in (H, f)), i.e. the signal inflexion points
evaluated using the modulus. If the modulus falls
below 20% of the maximum excursion encountered
the result is omitted. This method ofdisplay is a simple
and effective method of suppressing the contributions
from low amplitude waveforms. In keeping with the
previous definitions, a value of E = 1 corresponds to a
circular wave rotating counterclockwise, a value of
E = 0 corresponds to a linearly polarized wave and a
value of E = - 1 to a circular wave rotating in a
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Fig. 3. Three examples of the time domain polarization analysis of background sferics. H and D correspond
to the N-S and E-W magnetic components; real time separation of events Bl-B2,37.5 s, events B2-B3,
45.00 s. (Continued over.)

clockwise sense. Azimuths are defined in magnetic
coordinates of west (1807, north (90”) and east (OG).
It can be seen from the examples provided in Fig. 3
that the largest peak-to-peak amplitude is of the order
of 0.03 nT. The peak-to-peak amplitude of the general
background appears to be less than 0.01 nT for this
particular day. The full range of elfipticities and
azimuths appear to be sampled, although none of the
waveforms could be considered to be circularly
polarized. According to BLIOKH et al. (1980), the
background waveforms are the response of the cavity
to the nearly continuous global sum of lightning
activity. The waveforms received are thus the
su~e~os~tion of arrivals from multiple and incoherent
sources. If this is the case, the polarization

characteristics of background waveforms should be
effectively random. Such characteristics are observed
most acutely in many of the waveforms of Fig. 3b.
When we consider several of the larger amplitude
events shown in Fig. 3 (indicated by thick arrows) we
note a tendency for the waveforms to be linearly
polarized at a given azimuth. The azimuths are
different in each case and the polarization
characteristics remain stable over several cycles. It
therefore appears that the present method of analysis
is capable of detecting ‘background level’ resonance
waveforms from individual source locations. The data
windows shown above belong to the same ensemble
that was used to construct the sonogram of Fig. 1, and
their approximate position is indicated with arrows.
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TIME DOMAIN

POLARIZATION

IMPU~IVE

OF

SFERICS

Detailed polarization results are now presented for
three data windows which we consider to be
representative of larger amplitude, impulsive ELF
fields. According to JONES and KEMP (1971), such
events are due to the transient excitation of the cavity
resonance by unusually large lightning discharges.
The data were collected at a single site on 27 July 1986
commencing at 10.37 h (local time). The three
examples of impulsive events shown in Fig. 4 all have
peak-to-peak amplitudes greater than 0.03 nT, the
largest being of the order of 0.1 nT (Fig. 4b). The

impulsive waveforms can all be characterized as
damped, quasi-sinusoids.
The three examples all
possess the characteristic commencement of typical
transient events noted by JONESand KEMP(1971). The
initial part of each waveform is due to the arrival of
the direct (short path) signal. Subsequent fluctuations
are due to the arrival of the long path signal and to the
circulation of the energy around the globe. It is quite
evident from the polarization
results that these
waveforms are linearly polarized at a particular
azimuth and the azimuths differ for each of the three
examples. The two main waveforms encountered in
Fig. 4b provide a good example of single source
repetition on a time scale of 0.5 s.
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SPECTRAL

SIGNATURES

EXAMPLE

OF THE

SFERICS

The polarization analysis of the background and
impulsive Schumann resonance waveforms reveals
that they contain a variety of events with a wide range
of polarization vectors, which indicates the existence
ofdistributed sources and simultaneous thunderstorm
activity.
The theoretical and experimental work ofJoNEs and
KEMP(1970, 1971) and KEMP (1971) suggests that the
spectral shape, i.e. the relative position of peaks and
troughs, is a function of the source receiver separation

for a specified ionosphere. Given the azimuthal
distribution of the sources, it is anticipated that the
spectral signature of our example waveforms will vary
in a manner characteristic of the source spectrum and
the propagation distance. This could account for the
extremely variable time local behaviour of the
Schumann resonances, as indicated in Fig. 1 (see also
fig. 9 of BEAMISH and TZANIS, 1986). We now proceed
to investigate this assertion.
In Fig. 5a-c we present the power spectra for the
azimuthal (total horizontal) magnetic field of the
example background events, annotated Bl, B2 and
B3, respectively, and in Fig. 5d-f the equivalent power
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Fig. 4. Three examples ofthe time domain polarization analysis of impulsive transients. H and D correspond
to the N-S and E-W magnetic components; real time separation of events Ti-T2,90.75 s, events T2-T3,
63.75 s. (Continued over.)

spectra of the impulsive sferics, annotated Tl, T2 and
The spectra have been evaluated from the complex
signal using the Maximum Entropy (ME) method
(BURG, 1975). The high resolution capability of ME
spectra for short data lengths permits the analysis of
individual waveforms without interference from other
sources. Thus only segments of the available data have
been analysed. The segments are indicated in Figs. 3
and 4 with thin arrows.
It is imm~iately
apparent that the spectral
signatures of the three background events of Fig. 3 are
very different. Recall that the example wavefo~s all
possess different azimuths; in particular, events Bl

T3.

and B3 are almost orthogonal. Our results indicate a
variation of the spectral signature with azimuth. The
same observation can be made for the impulsive
transient events Tl, T2 and T3. As indicated
previously, the shape and trend of the spectral curves
can be used to estimate the source-receiver separation.
Care must be exercised while making
such
interpretations using the background field, as the
theoretical results of JONESand KEMP (1970, 1971)
refer to the excitation of the cavity by extra-large single
discharges. In addition, the work assumes relatively
simple source spectra. The spectra of the background
and transient events (more representative of the above
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authors’ models) display qualitative differences. The
former possess sharper peaks and larger peak-totrough ratios, possibly, because of the more severe
attenuation experienced by weak sources in the cavity.
However, events B2 and B3 display simple waveforms
and do not appear to be the result of multiple sources.
It must also be noted that our instrumentation,
primarily intended for crustal sounding, includes a
notch filter that was centred on 47.5 Hz. The notch
was operational when the background events were
collected. Frequencies above 40 Hz are therefore
attenuated for spectra Bl, B2 and B3.
With every caution we assert that the spectrum of

f’dZ”,‘“,

0.50

(Continued

0.75

over.)

event B2 is very similar in shape to the theoretical
results of JONES and KEMP(1970, fig. 7) for a range (D)
of 10,500 km. Event B3 possesses a spectrum which
indicates a source less than 8000 km away. With
regard to the impulsive transients, it can be inferred
with confidence that event T2 represents a distant
soruce (D > 10,000 km), whereas event T3 may
represent a range (D) ofless than 7000 km. The results
presented above have been found to be repeatable.
Waveforms selected on the basis of common azimuths
display similar shapes and spectral signatures. We
observe an association of spectral variability with
azimuth and widely separated sources. We interpret
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this as being due to signals being received from
different source locations and travelling over different
paths.
It should be noted that the data used in the present
study are not ideally suited to the determination of
source locations. Such determinations are better made
using spectra of the wave impedance, requiring
measurements of the vertical electric field (KEMP,
1971; BLIOKHet al., 1980). Our main conclusions arise
from the results obtained from our time domain study
of the polarization properties of the waveforms. The
results show that many of the waveforms exhibit a
stable linear polarization over several cycles. This

behaviour can be interpreted as the direct arrival of a
short path signal from a given source location. Such
properties are most clearly exhibited by the larger
transient events, but are also observed at the
background level. We conclude that thunderstorm
activity giving rise to sources which excite the Earthionosphere cavity can be simultaneous and therefore
incoherent, but the effects from single sources are
detectable even at the background level.
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Fig. 5. The spectral signatures of the example sfedcs. Maximum Entropy power spectra of the azimuthal
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