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An experimental study of the remote location

of lightning flashes using a VLF arrival

time difference technique

By A.C.L.LEE

Meteorological Office, Bracknell

SUMMARY
The potential of an "Arrival Time Difference" (ATD)
technique for replacing the operational "Cathode Ray
Direction Finding" (CRDF) network for the location .. of

lightning flashes at ranges of up to thousands of kilometers
is digcussed. The ATD technique has theoretical advantages
over CRDF, which could lead teo substantially improved flash
location, but the extent to which it suffers from certain

propagation effects in practice must be guantified.

An  experimental study of the ATD technigue is presented,
based on the deployment of equipment in the UK and
Gibralter. These eqguipments are used to capture the vertical
electric field of VLF electromagnetic radiation from
individual 1lightning flashes, synchronised to signals
captured by the CRDF system. The resulting waveform data are
recorded against an accurate timebase. Ry analysing the data

using technigues analagous to those of hyperbolic navigation,
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the flash location can be inferred, together with a measure

of the consistency of the data.

The results are compared with the CRDF and other
meteorological data, and appear to agree to within the

limited accuracy of the current technigues.

An analysis method is developed which relates the internal
consistency of the ATD flash data to geographical location
ACCUracy. On this basis, the accuracy of an operational ATD
system could exceed that of the CRDF system by an order of

magnitude or more.

1. INTRODUCTION

For the past forty years the Meteorological Office has
operated the so—calléé "Sferics" system for locating
lightning flashes at ranges of up to around 3000 km by making
measurements on the radio atmospheric, or vSteriet,
associated with the 1lightning discharge in the Very Low
Frequency or VLF band. The operational system is based on
the Cathode Ray Direction Finding, or CRDF, principle

(Ockenden, 1947; Adcock and Clarke, 1947; Maidens, 1953;

Horner, 1954(a)). This paper describes some results of a
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Trial which took place during 1978 and 1979 on an alternative
"Arrival Time Difference" or ATD principle for flash location
which was considered more suitable for a highly automated
replacement for the obsolescent and labéur intensive CRDF

system.

2. THE "CRDF" SFERICS SYSTEM
(a) Rasic CRDF flash location

In the existing operational system, the Sferic asscciated
with a 1lightning discharge  is received at around seven
Outstations. These are direction—finding receiveré located
at sites spread over the United Kingdom and the
Mediterranean, each linked to a plotting station at Beaufort
Farlk, near Bracknell, UK. Each QOutstation (Hoirner,
1954(a)) comprises a pair of crossed leoop antennae, with
suitably matched signal amplifiers and filters for each
antenna. The Sferic signals are amplified and filtered
before being applied to the X and Y deflection plates of a
precision cathode-ray tube (CRT), to draw a line on the CRT

whose orientation is a measwe of the apparent bearing fTraom

the Outstation to the lightning flash with which the Sferic

was assoclated. An OQutstation operator, hearing a
centrally—-agenerated synchronising signal, measures the
orientation of the corresponding line from:the "ERF's
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afterglow, and reports it to Beaufort Fark. Here, the
Outstations’ reports on each selected 1lightning flash are
plotted, and a location, or "fix", obtained by triangulation
on* a gnomonic projection which maps bearings (great circles)

into straight lines (kKeen, 1938).

This simplified over—-view is the essence of the so-called
cathode-ray direction-finding or CRDF system, whose output is
reported internationally as "SFLOC" messages on the WMO

global telecommunication system.

(b) Fropagation effects

The CRDF system utilises Sferic signals in a bandwidth of
arounq 250 Hz, centred  on a frequency of S leHEs
approximately where the spectrum of the emitted radio-wave
energy peaks (Arnold and Fierce, 1964; Alpert et alia, 1967).

At these VLF wavelengths of around 33 km, an impulsive

"ground-wave" ray diffracts around the curved surface of the
earth, and a "sky-wave" ray reflects — with some dispersion -
from the conductinag ionosphere at a height of 70-%0 km. A

returning sky-wave will reflect from the conducting earth.
Thus a receiver at some distance from the original flash will
receive a ground—-wave, followed by the first sky-wave (one
ionospheric reflection), followed by a second sky—-wave

(ionosphere, ground, ionosphere) and so on (Schonland et
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alia, 1940, Wait, 1941 . The time-separation of the

successive sky-waves is of the order of S0-200 ps, and is

caused by the increased path-length travelled. The
practical duration of this earth—ionosphere waveguide
impul se-response is of the order of 200-500 wus as the

highest order sky—-waves become rapidly attenuated (Alpert et
alia, 1967) . However , in any experimentally monitored
Sferic signal this detailed structure is convolved with the
Sferic source field (of significant duration S0-100 ps for a
return stroke, extending to several ms for complicated charge
movements) which causes overlap of the successive sky-waves;
and then with the impulse response of the detection equipment
filters, to form a complex waveform. With adequately wide
equipment filter bandwidthe, the complexities of charge
movements through the tortuous paths of a lightning discharge
ensure that Sferic waveforms vary quite widely in shape,
giving each a unique signature (see Norinder, 1954,  for

examples).

The Sferic radio-wave enerqgy is thus trapped inside the
wave—guide formed from the conducting earth and ionosphere,
and spreads two—-dimensionally rather than
three—dimensionally. In addition to this relatively small
spreading loss, there is an energy loss through absorption,
although this amounts to a mere 1-3 dR per Mm for frequencies
near 9-10 kHz (Chapman et alia, 1966). These two factors
combine to ensure that Sferic signals at these frequencies
can be received over vast distances. Clearly there 1is

potential for a system #hibiting enormous range, although
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there is a corollory that the limiting factor in detecting
weak Sferics of nearby origin is the permanent presence of a
background of Sferics from distant intense sources, such as

the equatorial regions.

Further background 1is given in Watt (1967) , whose
discussion concentrates on sinusoidal transmissions.

Horner (1964) relates more directly to Sferics.

(c) Limitations in CRDF flash location

In practice' the CRDF system cannot locate flashes
accurately at extreme .range because errors in  the bearing
measurements, combined with a baseline constrained by
politics and communications costs, limit the accufacy with

which their positions can be estimated by triangulation.

The prime cause of bearing error for relatively large,
isplated Sferics lies in the implicit assumption of the
crossed—-loop direction—-finder that the signal is vertically
polarised, implying that the ‘horizontal magnetic field
componeﬁt is perpendicular to the propagation path. In
practice the effects of partial horizontal polarisation at
source (Yamashita and Saon,1974(a)), the interaction of the
Sferic signal with free ionospheric electrons in the presence
of the earth’'s magnetic field (Yamashita and Sao, 1274(b)),
and the effects of non—-horizontal conducting topograpby near

the receiver site (Horner, 1954(b)), each contribute a
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vertical magnetic field component in the Sferic signal.
Where the received Sferic ray has an appreciable angle of
elevation, which is certainly true for reception of sky-wave
signals, this vertical magnetic component is tilted to
produce a horizontal magnetic field in the direction of the
propagation path. This "abnormal"” component induces a
voltage in the crossed—loop antennae giving rise to a
"polarisation” error in bearing (Leene, 19328) . The
magnitude of this effect is of the order of 1-2° by day, and

10° or so by night (Horner, 1954 (b)).

For smaller amplitude Sferics, relatively more frequent,
interference by overlapping Sferics can be a source of error;
this may become dominant for Sferics at ranges beyond 1500 km

(Horner, 1934(b)).

Very large bearing errors can be introduced by the
presence of buried conductors at the receiver site, althouagh

it may be possible to eliminate the effect (Horner, 1953).

Finally, the limited time discrimination of the human
operator is important. Under active thunderstorm conditions
when Sferics of significant amplitude occur frequently, the
operator may be unable to decide which of two or more lines

drawn nearly simultaneocusly on his screen (although not

corresponding to "overlapping" Sferics) correspond to the
audio synchronising signals triggered by receipt aof a
particular Sferic at one of the Outstations. In this case

there is a very real possibility of reporting the bearing of
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the wrong Sferic. Undetected errors of this type certainly

degrade the performance of the present CRDF system.

Z. THE "ATD" SFERICS SYSTEHM

(a) Basic ATD flash location

The earth-ionosphere waveguide gives a Sferics detection
system operating near 9—-10 kHz the potential for enormous
range, but the magnitude of polarisation errors mean that
this potential cannot be realicsed through CRDF unless
uneconamically large base-lines are used. This‘ dilemma
leads to a search for alternative technigques which avoid the

polarisation difficulty.

A promising approach is the Arrival Time Difference (ATD)
technggue. If a Sferic is received from & flash at two
ﬁéograﬁﬁﬁéélly separated Odtstations;" the difference in
a?rivai times of the Sferic at each of the Outstations
defines a 1locus of constant time-difference through the
location of the flash . ITf a third separated Qutstation
exists, then a second locus may be inferred from the ATD
between it and one of the original pair. The intersection of
the:: 1oci défines a fTix. Signal polarisation has no direct

effect in this technique.
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A set of three Outstations gives two legitimate fixes on a
spheroidal earth. Adding a fourth Outstation gives a unique
fix for error—free ATD values, and as the correct fix is

over—determined one can obtain a measure of the internal

consistency of the estimate of this fix when measurement
errors exist (egq by comparing the three ‘"correct" fixes
obtained by taking Outstations three at a time). In

practice, it is always necessary to design an Outstation
network with considerably more tham four Outstations to avoid
having regions where the fix is unduly sensitive to small
measuwrement errors, and to be able to cope with technical
pfoblems at some of the Outstations. In this case the fix is
cbtained through a maximum likelihood estimate based on the
available measurement data and ite likely errors (Appendix

D).

The effects of network geometry can be made intuitively
obvious by considering the loci of constant time—-difference
for a pair of Outstations. Along the base-—-line between the
Outstations, these loci are uniformly spaced by 150m/us,
implying a uniformly high resolution in this direction. In
the regions adjacent to the base-line, the uniformly spaced
parallel loci diverge into curves initially resembling a
family of hyperbolae with the Outstations as foci; thus the

spacial ‘resolution perpendicular to these curves decreases

with range. (At extended ranges the "hyperbolae" actually
form closed curves round the earth). As the base-line is
followed into the "base-line extention™ beyond either
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Outstation, the ATD is independent of position, giving an

indeterminate contribution by this locus to a fix. In a
network exhibiting poor geometry, the effects of the
base-line extention are clearly visible in charts of

predicted accuracy.

To effect a fix, a second locus derived from a third
Outstation is necessary. Under ideal geometrical
conditions, the loci may intersect orthogonally in a region

2

of 150 m/us along both axis; an ATD accuracy of, say, 29 us
then gives a fix accuracy of S.23 km. With more Outstations

this can be improved statistically, but the ge=aometry is

likely to be less favourable, giving scant improvement.

At the edge of the useable service area loci may
intersect at a narrow ancle, giving a fix whose .accuracy
lacks directional symmetry. Thus from a compact
distribution of Outstations the "bearing” of a distant fix
@ay be accurate, but its range hay be uncertain. This paper
makes no attempt to quantify directional symmetry, but merely
predicts system accuracy by calculating the RMS distance
between "true" flash position and estimated "fixes" using

Monte Carlo techniques for assumed levels of timing error.
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(b) Extraction of the arrival time difference

Computer simulation of flash location estimation using
realistic numbers of Outstations at feasible sites indicates
that adequate accuracy fqr a CRDF system replacement would be
obtained if ATD errors of the order of 25 ws could be
achieved, although the differences between the systems makes
a precise intercomparison difficult. If Outstations become
unavailable for short periods because of technical problems,
then considerably higher precision in ATD becomes valuable.
If the time to correct such unavailability can be extended,
tﬁis can reduce maintenance costs dramtically, but at the

expense of the need for yet more precision in ATD.

¥ From the description of Sferic propagation given ébove, It
is clear that & Sferic signal has a duration considerably in
excess of 28 ps, so there may be difficulties in assigning a
unique epoch to its reception. To overcome this problem, a

" correlation technique was developed (Appendix C) for aligning
Sferic waveforms received at different sites, and obtaining
thé ATD corresponding to the best match between pairs of
waveform shapes. Thus for similar waveform shapes an accurate
ATD can be obtained without the need to identify particular
features on any waveform. Because bearings are not required,
an omnidirectional vertical whip or similar electric field

antenna can be used, and the state of polarisation of the

received wave becomes essentially irrelevant.
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The correlation technique is not a panacea. The
description of the propagation mechanism given above
indicates how the time separation between the reception of a
ground-wave and successive sky-waves can be calculated from a
simple geometrical model of ray propagation by considering
the longer path lengths for the higher order sky-waves. If
the distanée between the flash and the receiver is increased,
this model shows‘how the differences in path lengths are
reduced, so that the sky-waves appear to "catch up" with the

ground-wave and the phase structure of the Sferic becomes

compressed towards the ground-wave. In addition, more
complicated models show how the relative amplitudes of the
various ground/sky-waves change. The ground—-wave can only

propagate by diffraction, and so becomes rapidly attenuated.
The sky-wave amplitude depends on the ionospheric reflection
coefficient which varies wiéh angle of incidence (Wait and
Walters, 1963), and also on ground reflectivity which varies
from land to sea paths. This is a grossly over—-simplified
discussion, but it does indicate that the shape of the
received signal varies with the propagation path, causing
potential difficulties for a simple waveform—matching

technique.

These propagation effects do not, however, necessarily
invalidate the techniqgue. For the more distant flashes the
greatest' precision in measuring ATD 1is necessary to achieve
adequate geographical accuracy. Fortunately, the extreme
range of these flashes implies that the propagation path is

likely to be similér for both the Outstations involved in
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estimating an ATD, implying a similarity between the

waveforms. This similarity implies an accurate ATD
estimate, alleviating the unfavourable geometry, and giving
an acceptable fix. A hidden advantage of the correlation

technique with such similar waveforms is its correspondence
¥ to a matched~filter technigue. This gives the maximum
possible signal-to-noise ratio for signals corrupted by
additive noise (eg Schwartz, 1970), and helps to discriminate
against any interfering Sferics of different signature; an
important consideration for the more distant flashes which
may be relatively weaker and more subject to additive

interference.

The flashes of closer origin do not enjoy these advantages

to the same extent, but a higher tolerance 1is allowable on

- the measurement of ATD to achieve an adequate fix. Where
propagation path lengths differ considerably, the different
compression effects can be sufficiently pronounced for the
correlation technique to match waveforms a whole cycle
(approx 100 ps) in error. Fortunately, using the correct
technique (Appendix C) the possibility of this error can be

made evidents and in the differentiated path-length
situations where it does occur, errors as large as 100 us

still give acceptable fixes.

If greater location accuracy is necessary, there exists
N the theoretical possibility of applying & crude propagation
correction (e.g. wave—-hop model; Watt, 19267) to reduce the

differential waveform shape, although this increases the
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processing resources required.

(c) Site effects

In the CRDF system the polarisation (and hence the bearing
error) of received Sferics is strongly influenced by local
"gite" effects such as local terrain topography, and the
presence of local conducting wires, fences etc. In
adddition, the site error or its correction is influenced by
errors in the azimuth and even elevation angles of the
antennae themsélves. As a result, a potential CRDF site has
to be chosen with great care, and may thus be expensive.
Operation in & crambed site, in rugged terrain, or at sea is

generally unlikely to be successful.

The ATD system uses an omni—directional vertical whip
antenna for receiving Sferics signals, thus eliminating
potential azimuth effects. Actual "si£e" effects are
difficult to envisage as the state of polarisation of the
received Sferic is not directly relevant, only its detected
waveform. Arntenna shielding reduces antenna sensitivity,
but leaves waveform unatfected. To modify the receilved
phase of a Sferic one might imagine a Sferic wavetorm
received directly, and also received after reflection from
some structure. If the sum of the waves is to have a

noticeably different shape from the direct signal, there must
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be a significant fraction of a wavelength (33 km) between the
structure and the antenna. At this separation, the

structure would need to be near resonance to contribute

significant reflected amplitude implying a vertical
quarter-wave conducting structure 8 km high. This cseems
unlikely, so that the effects of "site" errors are probably

negligible.

(d) An early measurement

Lewis, Harvey and Rasmussen (1960) attempted to "locate"
lightning flashes in the UK using a pair of ATD stations at

two sites in the USA spaced 139.4 km apart near New England.

They cselected flashes by receiving the CRDF synchronising
signal, so that some of their data corresponded to UK flashes
for which a CRDF location estimate was available. Their
stations each consisted of a wideband (4-4% kHz) receiver
with a vertical whip antenna, connected via a suitable
microwave link to a central location where signals were
recorded automatically on 35 mm film, together with
suitable timing marks. Time difference extraction was
achieved by matching waveforms visually, taking care to

obtain a detailed métch near the early waveform peaks.
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With just two stations an actual fix cannot be obtained,
but one may compute the perpendicular vector between the
locus of constant time difference for the measured ATD, and
the "known" CRDF location estimate. Their result showed a
negligibly small mean bias of 0.6 km south, with a standard
deviation of S7 km. This agreement in the placing of a
locus to 57 km from a range of 5600 km is especially
remarkable because of the likely errors of the CRDF networks.
The 57 km standard deviation corresponds to a standard

deviation in bearing of 0.4 degrees, or in ATD of 4 us.

Their result does not indicate directly how a network
might perform, as this depends on network geometry which
might be unfavourable. However, it is clear that ATD might
be measured to better than 4 us, at least for flashes at a
range of 5600 km which are nearly equi-distant from two
receiyers spaced by 139.4 km, and hence show nearly identical
propagation effects. This gives clear encouragement for a
long—-range network which demands ATD accuracy of 25 ps, but
provides 1little evidence on how a more realistically spaced

network might respond to flashes of shorter ranage.
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4. THE SFERICS TRIAL TECHNIQUES

(a) Introduction

In early 1977 an ATD Sferics Trial comprising four

Outstations, the minimum number for reliable fixing, was

mounted. The equipment and techniques used are described

here partly as the Trial record, and partly because the
future Meteorological Office operational ATD system has been

designed on comparable lines.

(b) Waveform processing

Fig 1 illustrates a Sferics Trial Outstation. The
vertical electric field of any Sferic disturbances are
capacitively coupled to a vertical whip antenna, inducing
currents into a virtual earth. The Sferics Sensor
electronics include an integrator, so that the Sensor output
is related to vertical electric Yield input by a constant
gain over an adequate frequency range from tens of Hz to

around 1 MH=z.

The Sensor signal passes into the Sferics Filter. This

:is largely a proad band—-pass filter which dominates the
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system’'s response to any impulsive signal (Appendix  A)
exhibiting 3 dBE attenuation limits at 2 kHz; and S0 dE
attenuation at S0 kH=z, for anti-alias properties. The

Sferics Filter also contains a gain control, and a number of
highly stable narrow band-reject "notch" filters of width 100
Hz designed to remove the unwanted effects of man—made
transmitters operating within the frequencies of interest.
Fortunately, from our point of view, it is difficult to
design an efficignt wide-band transmitter antenna to operate
at these wavelengths, so that narrow notch filters can be

used to minimise Sferic distortion (Appendix A).

The analogue waveform then passes into a Transient
Recorder'where it is digitised to 256 equally spaced levels
at accurately spaced intervals of 10 s, giving a Nyquist
frequency of S50 kH=z. The Transient Recorder .normally
samples continuously, and retains the last 1024 samples or
10.24 ms of data. On receipt of a digital signal from the
Timing Interface (initiated by receipt of a Sferic signal),
the Transient Recorder continues for U912 samples -and then
stops, thus freezing the signal of interest near tHe centre

of a 10.24 ms data window.

(c) Synchronisation to CRDF

The analogue waveform from the Sferics Sensor is also
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presented to - a "Narrow Band" filter which has the
characteristics of the CRDF filters, and thus responds
similarly to Sferics. Its output drives a Threshold device
which generates a digital cutput for waveforms of sufficient
amplitude. The operator adjusts the Threshold Gain until
the Threshold device responds to the same Sferics as the CRDF
system. The digital signal is presented to a Timing

Interface which freezes the Transient Recorder as described

above, and also latches the display of a "Local Timescale"

formed from a precision (Rubidium) 10 MHz Oscillator and a

continuously accumulating Counter.

The Timing Interface normally freezes the Transient
Recorder and Counter display for a period of one second only
before normal continuous digitisation and Counter display are
resumed. However, should the operator receive' a CRDF
synchronising signal, during the one-second period he can
direct the Timing Interface to "hold" the frozen data, and
transfer it to a Magnetic Loggér for later analysis. Thus
the Trial OQOutstation can capture Sferics from flashes
selected by the CRDF systemy, contained within an adequate
data window of 10.24 ms, together with Local Timescale epoch
data recording the instant of & particular sample of the

waveform.

fpbli:page 19




(d) Fotential ATD resolution

The analogue waveform presented to the Transient Recorder
is sampled and stored every 10.00 us. Shannon (1949) showed
that a sampled waveform of infinite duration contains all the
information necessary to reconstruct the original underlying
continuous waveform, provided that the original continuous
waveform contained no energy above the Nyquist frequency
limit of one cycle per two samples: S0 kHz in this case.
The present signal is both finite and imperfectly band
limited. However, to within the resolution of an 8-bit
qﬁantiser, the sampled waveform is a complete and accurate
representation of the original continuous waveform (Appendix
BY . Thus one may conceive of matching two similar
"continuous" waveforms to extract time—differences' with a
resolution of the order of 0.1 us, in spite of the fact that

the samples are 10 ps apart.

(e) Spectral calibration and correction

To measure time-differences to 0.1 s from f}equencies of
the order of 10 kHz, it is evident that the analogue filters
used must be characterised accurately. The approach taken

here 1is to generate a highly reproducible known pseudo-noise

analogue test signal on the Timing Interface, to present this
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to the Sferics Filter instead of the Sferics Sensor output,
and to trigger the Transient Recorder at a known phase of the
pseudo-noise signal. Because the test signal is known, and
the Transient Recorder’'s stored data is band-limited, this
gives all the information necessary to evaluate the filter
transfer function, and to calculate the "Deviation Spectrum”
relating the measured spectrum to a mathematical ideal
(Appendix E) . This process is termed "Spectral
Calibration”, and was performed routinely throughout the
Sferics Trial. When waveforms were subsequently received
through the calibrated filters, the Deviation Spectrum was
used to correct each wavefarm to the shape that would have
been received through a mathematically correct filter - a
process termed "Spectral Correction" (Appendix E). The act
of Spectral Calibration not only allows the inevitable minor
deviations of hardware filter profiles to be corrected, but

also provides timely warning of any catastrophic problems.

A Spectral Calibration process was also performed by
applying the pseudo-noise signal via a capacitor to an
electrostatically shielded antenna; a functioning system
should show 1little more than an increased Group Delay
characteristic. This test was augmented by connecting an
external three—-ohm resistor from antenna to earth, which
modifies the measured transfer function by a EkEnown amount,
confirming that the antenna base "virtual earth" is within a
few ohms of zero input impedance. A low input impedance
ensures that damp—-induced leakage conductance between antenna

and earth, in parallel with the virtual earth, does not cause
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subtle but significant phase distortion.

(f) Epoch calibration and correction

An immediate technical problem is the synchronisation and
maintenance of local timescales at widely dispersed
Dutstations to an accuracy approaching 0.1 us. The
approach here was to take a precision 10 MHz (Rubidium)
Oscillator, stabilise its environment to enhance the basic
sfability, and to monitor the phacse offset against
International Atomic Time as & function of time by varicus
means. Most methods of monitoring phase offset are subject
to periods without measurements, but a suitably stable
oscillator can have measurements adequately interpolated (or
predicted in an operational system). These measured offsets
were not used to adjust the oscillator, but to correct the
reported epoch values associated with waveform data.

Corrupt monitoring measurements can then be identified and

rejected.
The Rubidium pscillator was housed in a thermally
. insulated enclosure which stabilised the oscillator ‘s thermal

plate temperature to within a few hundredths of a degree
Centigrade. In addition, the time integral of temperature
was explicitly stabilised. Thus any external effects which

caused the thermal plate temperature to fall, perhaps slowing
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the local timescale, were compensated by a subsequent

temporary rise to above nominal temperature. This had the
effect of allowing the local timescale to catch up its lost

phase before significant error could accumulate.

For the same reason, the supply voltage for the Rubidium
Oscillator was stabilised, as was its time integral.
Fressure is known to have an effect on the Rubidium

oscillator, and was monitored.

A number of ways of :estimating International Atomic Time
were used, including a Loran—-C Receiver, a VLF Receiver, an
MéF Time—-Code Receiver, and a travelling Atomic Clock. Each
provided a regular digital sguare wave having a "known" epoch
for one edge, and an "ambiguity" egual to the square-—-wave
period. These were presented to the Timing Interface, and
the 1local timescale epoch for the significant edge measured
and recorded. By taking the measured epecch modulo the
émbiguity, a residual was obtained whose variation with time
gave the modulo relative time shift between the local
timescale and that particular estimate of International
Atomic Time. In general the variation was sufficiently slow
to be plotted to & resolution of 0.1 ps, and interpreted

manually.

All these International Atomic Timescale estimates had

their own advantages and drawbacks:

i. Loran—-C was the most precise, although the method
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needs a complex and (at some sites) difficult setting-up
procedure, is subject to ambiguities through potential
operator error, and to around 0.3 wps uncertainty in
predicted propagation delay. Should the receiver lose
track of the Loran-C transmission for any reason, the
manual setting—-up procedure must be repeated. However,
the method 1is eﬂcelient for determing drift in the local
timescale, and a fair degree of accuracy can be obtained
in absolute epoch if the - potential ambiguities can be

resol ved.

ii. The VLF Receiver was essentially a narrow-band
phase-locked 1loop for phase-stabilised VLF carriers such
as OGER, Ruaby. The simplicity of the technique meant
that automatic "lock-on" was easily achieved, but because
a variable mixtufe of ground wave and sky-waves from an
ionosphere of varying height was received, the measured
phase suffered a marked diurnal variation, was subject to
ionospheric disturbance, and even during the most stable
(mid—day) period was uncertain in phase tp within around 2

ws or more depending on the transmission path used.
iii. The MSF Receiver was useful for resolving large
ambiguities in other methods, but had insufficient

accuracy to be useful in isolation.

iv. The Travelling Atomic Clock (portable

'battery-supported Rubidium Oscillator) was calibrated at

the National Fhysical Laboratory, transported to the

fpbhbiipage 24

FT



Outstation site where local timescale measurements were
made, and then transported back to the National Physical
Laboratory for re-calibration. While the Travelling

Atomic Clock was away from a calibrated standard, its own

calibration would slowly drift because of inherent
deficiencies in the oscillator; and because of the
changes in environment, standby battery state, etc.

After each round trip, the calibration had drifted by
several microseconds. However, the impact of this was
considerably reduced by monitoring its drift against
Loran-C while stationed at the Outstation site, reducing
the drift to that experienced during actual travel. In
this way the uncertainty of & Travelling Clock calibration
was reduced to around 0.2 nus for most sites.
Furthermore, if several calibrations obtained over a
period of time could be compared through Loraﬁ—C, the
uncertainty of an individual calibration can be reduced
statistically. A series of Travelling Clock exercises
can thus be used to determine an accurate propagation
delay from Loran-C transmitters to the Outstation site.
The Travelling Atomic Clock/Loran—-C combination is thus a
highly successful method of calibrating Loran-C epoch
absolutely, and resolving the Loran—C ambiguities.
However, the process of transporting an unwieldy
Travelliné Atomic Clock is expensive, frustréting, and is
subject to the very real risk of physE}aI damage to the
clock, or losing epoch through transport delays exhausting

the Travelling Clock’'s internal batteries.
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(g) ATD extraction and flash fixing

The ATD between waveforms received at different
Outstations was estimated by correlating the 10.24 ms data
windows, and selecting the time-difference for the highest

correlogram peak (Appendix C).

A problem arises when an interfering Sferic is received at
an Outstation at nearly the same time as & "wanted" Sferic
(which was received at the other Outstations). For the
trial, the distance between the Reference Outstation at
Beaufort Park (Appendix C) and the furthest Outstation was
1731 km, corresponding to a maximum possible ATD of 5.8 ms.
Thus selected interfering Sferics producing a larger ATD need
generate no misleading results — merely the nuisance of lost

data.

When the interfering and wanted ATD values are close, the
two Sferics will nearly always be visible within the 10.24 ms
data window. The correlation technique estimates . the
smilarity in shape between the waveforms in the two data
windows (signal~to—noise ratio, Appendix C) which is reduced

if two waveforms are present, indicating an unreliable ATD.

If the wanted Sferic is outside the data window
surrounding the interfering Sferic, the ATD error is likely
to be large enough to imply an abnormally large flash

location RESIDUAL (Appendix D), indicating an unreliable fix.
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Any techniques which increase the signal-to-noise ratio
and reduce RESIDUAL will increase confidence that misleading
flash data will be rejected, as well as increase fix
accuracy. Fossible methods include the use of a carefully
chosen "conditioning filter" profile (Appendix B), correction
of waveform shapes for differential propagation effects vié
an iterative technique, maintenance of adequate standards of
epoch calibration and correction, and realistic theoretical

ATD models (Appendix D). : L




S. TRIAL RESULTS

(a) The trial geometry

Eetween October 1978 and October 1979, Sferics waveform
and epoch data were collected during six periods of
approximately ten days, synchronised to CRDF operation, under
day and night conditions; four periods produced results

suitable for analysis.

During these periods the experimental ATD Outstations were
lbcated as shown in Fig. 2, at Shanwell (546.439°N, 2.862°W),
Camborne (S0.218°N, 5.326°W), Beaufort Fark ¢S54 390N,
0.784°W), and Gibraltar (Z6.155°N, S.340°W). The CRDF
stations were located at Lerwick (60.14°N, 1.18°W), Shanwell,
Camborne, Hemsby (52.69°N, 1.69°E), Gibraltar, and Malta
(35.90°N, 15:40%E)., also. . shown [Hin iFiga 2, in & much more
satisfactory geographical distribution.

Fig. 2 is a gnomonic projection with a tangential point at
B 02N, 2o SE, The contours display a geometrical
progression of expected RMS error in ATD flash locationg
units are kilometres; These were calculated as above using
a Monte—-Carlo method assuming the experimental ATD network
and a BGaussian distribution of ATD errors, standard deviation
285 ps, with Beaufort Fark as the Reference Station. The
effects of the base-line extensions are clearly visible.

This serves as a theoretical comparison for the trial results
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presented below. An operational network would use a better

geographical distribution of Outstations to achieve an
improved service area. Fig. 3 shows the expected location
error in RMS km for a possible network of seven Outstations

calculated in the same way for the same distribution of ATD

errors, but with the Reference Station at Aughton (52.355°N,
209" W) An accuracy of well under 100 km for the assumed
250 pws ATD error 1is maintained over the chart shown,

representing a considerable improvement over a seven—station
CRDF network including Outstations at Gibraltar, Malta and

Cyprus (Meteorological Office, 1975).

(b) Froblems in direct CRDF/ATD comparison

A trial aim was to locate individual flashes by .both the
established - CRDF system and the experimental ATD system, to
permit a direct comparison of their fixes. Using the same
map projection as that of Fig. 2, the corresponding CRDF (+)
and ATD fixes were plotted joined by a line as shown in Figs.
4 and S. The gnomonic projection allows Searings from the
CRDF stations to be interpreted easily, while the chosen
tangential point ensures that distance scaling is almost

uniform in the areas shown.

This analysis has difficulties. An ATD fix is necessary,
implying that data for corresponding Sferics are required
from all four ATD Outstations. Because of the "freeze" time

inherent in the trial ATD Outstation design, only 104 of ATD
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recorded flashes qualify, reducing the useful data available.

Conversly, for each suitable ATD fix a corresponding CRDF
fix 1is required. The technique for timing CRDF selected
flashes had a resolution of 2-3 seconds, and two or more
unresolved Sferics frequently occurred above threshold during
such an interval. The ATD system would select the earliest,
while the CRDF operators might select the largest as viewed
on the cathode-ray tube after—-glow. Thus the systems could
fix different flashes. Alternatively, the CRDF operators
might select different flashes at different Qutstations, thus
not providing enough bearings on the same flash to establish

a~ i This further reduces the data available.

The latter CRDF problem is well known. It leads to lost
data if a storm has only a single flash selected; bgt storms
usually generate many flashes, and several may be selected.
Thus CRDF plotting operators examine the sets of bearings
obtained during a 10-minute observation period, and assume
that similar sets correspond to the same storm location. To
achieve "similar" sets, they may discard bearings from each
that appear to correspond to unrelated flashes. Al though
individual flashes may now contribute few bearings, a
"composite" fix is estimated from many flashes using an
average of fhe selected bearings from each CRD% Outstation.
Thus apparent CRDF fix consistency is not significant, it
merely indicates a composite fix assigned to each of its
member flashes. The corresponding ATD fixes are

independent.
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(c) Direct CRDF/ATD comparicsons

(i) A Winter comparison. Fig. 4 displays the 41
four-station ATD fixes associated with CRDF fixes that
occurred within the displayed region on 26 November 1978
between 1520 - 1700 hrs GMT. The ATD fixes are each shown
joined by a straight line to the associated CRDF fix (+) on
the same gnomonic projection as Figs. Dy - D The data were
selected for display on the basis of being quite typical, and
of highlighting certain features observable in all the trials
data. Fig. 4 gives a good visual impression of the spatial
relationships of the flash data and geography. The synoptic
situation was that of & deepening low centered‘ to the

north—-west of Corsica, with thunderstorm observations

reported in this area.

Table 1 gives tabulated 1location data for these 41
flashes, which are arranged in groups corresponding to the
same composite CRDF  fix. As well as providing agreater

resolution, Table 1 details the time of +the flash and the

quantity RESIDUAL - discussed below - whose small values
indicate that all these ATD fixes are internally
self-consistent. In addition, Table 1 details the

site-corrected CRDF bearing measurements used to estimate the
CRDF fines, and for comparison the calcul ated

ellipsoidal -earth bearing of the ATD fix from each of the
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CRDF stations. Both of these are shown with an ambiguify of
180 degrees appropriate to the CRDF method. The ATD fix for
flash 2204 is supporﬁed by both CRDF and ATD measurements on
activity within 0.5° of this location during this time
period. Clearly, in this instance the two systems selected

different flashes.

Figa 4 highlights the significant discrepancies between
CRDF and ATD fixes. However, as no bearings were available
from the Gibraltar CRDF site and some were missing from
Malta, the discrepancies between CRDF and ATD bearings are
much more significant than fixing discrepancies in a general
interpretation of this data. As Table 1 shows, these
bearing discrepancies amount to several deqgreecs. Note that
CRDF bearings that are composited to form a single CRDF fix
are often scattered over several degrees showing that the

internal evidence of these CRDF fixes is weak.

It is evident from Fig. 4 that the independent ATD fixes
sometimes form nearly co-located groups of.ATD flashes. Of
the 41 flashes discussed, no fewer than 17 occur in groups
each covering areas of 1.7 - 10.7 km diameter. Table 2
tabulates these in their groups, in order of increasing group
diameter, and in chronological order within each agroup. It
is unlikely that such tight geographical grouping occurred by
chance within the relatively large region displayed; it is
more plausible that several flashes from isolated storm cells
or areas of activity have been located. The time proximity

of the flashes within the five tightest aroups supports this
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view, although the last two groups extend over a time
duration longer than the lifetime of a single convective
cell. Thus although we have no independent evidence that
the grouped 'flashes were physically emitted from identical
locations, it seems plausible that some flashes are being
fived with a consistency of 2-11 km, well within the accuracy
of 40-60 km predicted for this region in Fig. 2 for 25 ns

ATD.

Examination of Table 2 for the scatter in ATD "bearings”
for flashes within a single ATD group reveals a standard
deviation of the order of a few hundredths of a degree for
£he tightest groups, increasing to a few tenths of a degree
for the more doubtful looser groups. This is a substantial
improvement over the scatter in CRDF bearings for a composite

CRDF fix.

With the hindsight of ATD aroupinag, it is interesting to
observe in Table 2 the scattér of CRDF bearings within ATD
aroups. Apart from some problem bearings which highlight
the CRDF operator’'s dilemma discussed above, the CRDF
bearings for the first five groups are now consistent to
within a degree or two, considerably improved over composite
CRDF grouping shown i Tablesqy Thus internal CRDF evidence

supports the ATD grouping to some extent.

Examination of the ATD fixes within each of the first five
ATD agroups in Table 2 shows an easterly movement with time.

The movement is not regulari the same physical point of each



cell is not being tracked, but the drift velocities implied

by the time values are not inconsistent with the surface wind
velocity implied by the Meteorological Office’s archived
analyses of this period. Thus the consistency of flash
fixing may be even higher than implied by the group

diameters.

ATD evidence suggests that member flashes of the
individual ATD groups in Table 2 were nearly co-located,
implying that the ATD system can produce consistent fixes,
although this evidence cannot reveal systematic location
errors. By contrast, Fig 4 and Table 1 show that the CRDF
fixes corresponding to the member flashes o% each ATD group
may be scattered over considerable distances. For example
the four ATD fixes npear 38.36°N B8.82°E have corresponding
CRDF fixes separated by up to 808 km, yet the CRD? bearings
in Table 2 offer 1little evidence that the two systems
selected different physical flashes. This suggests
considerable scatter in the overall CRDF product. Modifying
the choice of rejected CRDF bearings would produce different
composite CRDF fixes, but it 1is evident that the need for
correct interpretation of CRDF bearing data imposes severe
limitations on the reliability of the CRDF product, making

it too inaccurate to judge ATD results in detail.

Although there are discrepancies between individual
flashes, both CRDF and ATD show activity within the
Mediterranean area, with little activity over Europe. It is

interesting that the ATD system has a more marked tendency

-
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to locate flashes over the sea, or at least near the coast,

than the CRDF system. This might be expected in Winter.

(ii) A Summer comparison. On the basis of the trial
evidence, there is less tendency for several flashes to be
received from single isolated storm cells, so that it is more
difficult to demonstrate consistency in flash fixing.

Instead, CRDF/ATD comparisons tend to agree in showing
similar areas of diffuse activity, although the actual area
of activity may have a better defined structure. E1g. o
shows all the four-station ATD fixes associated with CRDF
fixes that occurred within the displayed region on 13 July
i979 between 19220-2100 hrs GHMT. The general agreement is
clearly vieible, although the ATD system tends to locate
flashes over the land area more than the CRDF. This might

be expected in Summer.

{ii1d ). ‘Conclusions: It is not appropriate to present
further comparisons here to this level of detail. The
diagrams presented are not untypicals; there is no evident

discrepancy between ATD and CRDF fixes, although the ATD
fixes appear to be considerably more consistent. The areas
in which ATD fixes were obtained were confirmed by the
presence of nearby CRDF fixes, ahd were often confirmed by

nearby observer reports.
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(d) Ground truth

The high flash-to-flash location consistency of ATD fixes

described above is encouragin but does not provide direct
9

evidence of location accuracy. Systematic errors might
allow tight clustering of nearly co-located flashes, but
position them in some systematically wrong location.

Ideally one might hope to demonstrate coincidences between

"known" lightning flash locations and ATD fixes.

In practice, the problem of establishing ground truth in
fhis way has defeated the users of the CRDF system over the
40 years of its Dperatiohal lifetime. The problem is one of
scale and data capture probability. Any practical observer
network can only observe flashes over a small fraction of the
1l and area, with relatively poor accuracy, and current
reporting methods do not usually time the observed flashes
precisely. Conversely, botﬁ CRDF and experimental ATD
systems cannot hope to detect every lightning flash within an
observed area. The requirement for 4-Sferic flashes reduces
the proportion of fixed flashes even further. Thus it is
difficult to establish coincidence between the observer
network and ATD system, and to distinguish these from chance

association of peoorly-fixed unrelated flashes.
Some weak confirmation can be obtained by noting that ATD
fites do appear to occur in the general areas where synoptic

observers report past or present thundery activity, or where
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this activity is highly likely from the normal meteorological

indicators. Conversely, ATD fixes do not appear to occur in
regions where thundery activity would be unlikely in the face
of concurrent or subsequent observations interpreted through

normal analysis techniques.

On one particular occasion at 1100 hrs on 12 Juwly 1979,
several co-—-located ATD fixes occurred, fairly isolated from
other fixes, in an area of 5 km by 2 km at 45°3'N 3°1°E just
20 km to the east of the Flomb du Cantal in the Massif
Centrale region of France. There was substantial
meteorological evidence to support the existence of intense
thunderstorms in this area. The evidence included
thunderstorms. observed in the general area before and after
1100 hours, evidence of instability in nearby radiosonde
ascents, the inference through chart analysis of a small
developing thundery low centered near this area, and observed
confluent air flow and probably convergence in a topography
which might well have funnelled air 4ntog the area.
Unfortunately, although the meteorological evidence supports
the ATD fixes strongly, it cannot be useé to position the
likely flash locations to better than about 20 km. Thus it
is only poseible to confirm ATD positioning to this accuracy,
although evidence in the following sections suggests that the
likely ATD accuracy is much higher than this. This appears

to be the accuracy limit of "ground truth" observations.
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(e) RESIDUAL as a meagure.of flash location accuracy

Appendix D describes the flash fixing process in terms of
the minimisation of the dimensionless quantity RESIDUAL.
For maximum fix accuracy, the differences between theoretical
and measured ATD values are weighted by the reciprocal of the
estimated standard deviation o(r) of the difference for each
. For trial analysis the values of ¢ were assumed equal
for all r, but unknown: one trial objective was to determine
¢ under experimental conditions so that expected accuracy
charts could be constructed for any proposed network
geaometry. Thus, the values of ¢ in Appendix D’'s expression
for RESIDUAL were replaced by a non-dimensional value of
unity, giving a modified RESIDUAL having the dimensions of
time. The value of the modified RESIDUAL might be'expected
to be root mean square ¢ as the expression is correctly

normalised for the available degrees of freedom.

The contour map of Fig. 2 was calculated using the
Monte—-Carlo method described above; and for the same trial
geometry and 25 us ATD perturbations an attempt was made to
plot a contour map of calculated modified RESIDUAL. This
was abandoned after considerable computer resources had been
expended when it became clear that no significant
geographical structure existed: the chart was uniform at
25.0 ps within the noise levels of around +0.5 us implied
by the limited numbers of fixes averaged at each grid point.

Avsimidlar undiform resulty of @ 2.0 ne i was cfound CTarsatne



seven—station network of Fig. Z. The result appears to hold

for all charts provided that the distance between Outstations
is substantially greater than the distance travelled by light

in 6, in this case 7.5 km.

Fig. 6 shows calculated {(Mornte—-Carlo) histograms of
RESIDUAL summed between a geometric progression of values.

The two histograms shown are for grid points over the entire

chart for the trial network ((a), solid 1lines) and the
seven—-station network of Fig. 2 ((b), dashed lines). The
root mean sqguare RESIDUAL, sample standard deviation of

RESIDUAL, and number of RESIDUAL values used Qere (25.08 ns,
15.03 ns, 25189) and (24.99 ps, 8.4% ps, 25560) for the trial
and seven-statiion networks respectively. Neither of the
EMS values of RESIDUAL is significantly different from 25.00
s given the respective sample standard deviation and

sample population.

For the trial network, two regions of 7° east by 14° north
were centred over areas of high and log flash location
accuracy respectively. The sample standard deviations were
calculated at 15.03 wnus and T O - ns respectively,
indicating that the standard deviation as well as the RMS

RESIDUAL appears to be constant with chart position.

Thus we have a quantity RESIDUAL whose RMS value and
distribution appears to be independent of flash location, so
that all experimental flashes can contribute to .the

estimation aof its statistical moments. As : the i alue (ot
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RESIDUAL approximates ¢, a knowledge of the experimental RMS
RESIDUAL for one network allows the accuracy of that network,

or any other network, to be predicted.

The invariance of the RESIDUAL distribution means that the
value of RESIDUAL for a single flash can be compared with the
limits of the theoretical or measured distribution, and an
outlying value warns of possible problems. For the trial
network the broad distribution limits the quality assurance
available, but a seven—station network appears more
promising. The reason for the latter’'s smaller standard
deviation is because RESIDUAL is a form of RMS measure of the
ATD differences, averaged over the available degrees of
freedom (m—2). These number one for a four—-station networlk,
and four for a seven—-station network, explaining the ratio of
approximately two 1in standard deviation. In pracfice, any
deviation from the shape of a Chi-square distribution, which
should give an accurate 2;1 ratio, is probably due to

deficiencies in the random—-number generator used.

The use of RESIDUAL for quality control and predicting
chart accuracy assumes that the values of o for the various
ATD differences are equal, and that for a theoretical flash
location coincident - with the actual flash location the
expectation values for the ATD differences are each zero.
For experimental data uwusing the flash fixing techniques of
Appendix D this will not be the case because of the
systematic errors intrbduced by propagation effects.  Where

the systematic effects may be large compared with random
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éffects (eq noise, encoding problems etc.) the comparisons
with a Gaussian model must be interpreted with care. Some
quantification of this can be achieved by examining recorded
waveforms, or the effects of a propagation model, and
comparing the ATD obtained by correlogram or main peak
matching with that obtained by attempting to match the

digpersion—-free ground-wave in the early portion of the

Sferic. Discrepancies of around 10 pus or less are apparent
in most waveform pairs, so that comparison with a 25 ups
standard is probably reasonable. Any technique which can

alleviate the systematic propagation effects will make the

comparison with a Gaussian model more realistic.

(f) RESIDUAL as & measure of trials data accuracy

As described above, histeograms and statistical moments of

RESIbUAL provide a powerful tool for determining the ATD

‘accuracy of trial data. Thus all four-Sferic flashes were

,‘,fixed’,using the methods -of Appendix <D, and histograméufgt‘

constructed for all f135h95YWhi;h were within aniamea}bffO‘&/“

AR B e e



time—ordered data included long sequences of low ‘values of
RESIDUAL interspersed with long sequences of substantially
higher values with no obvious differences in the flash
popul ations. Close scrutiny of the sequences having the
largest RESIDUAL revealed ATD values that exceeded the
physical maximums: the light travel-time between Outstations.
It was clear that in spite of all the effort spent on
aligning timescales (a necessary support activity not
emphasised in this paper) the frequent problems of Outstation
clock=jumps combined with the many ambiguities of the epoch
calibration methods used had produced "corrected" timescales
containing large errors. At a later date, methods of
fesolving systematic timecscale errors were developed which
demonstrated the reality of timescale errors in this data.
However, at this time a crude approach was taken to remove
the worst of the corrupted data without attempting to correct
it: any long sequences of Sferics with most values of
RESIDUAL agreater that S0 ps; or greater than three times the
'RMS RESIDUAL of the remaining ' data, were ignored. This
method provides no guarantee of eliminating all significant
timescale errors, and evidence of some remaining problems is
discussed below, but it was the only feasible method with the

limited resources available.

Table 32 lists the results of-this selection process for
the four usable trial pericods labelled in Column 1. Col umn
2 lists the number of four-station flashes falling within the
geographical area and contained within acceptable sequences '

-

of data. Column 2 shows the number of contiguous seqguences
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of acceptable flashes extracted from each trial period, while
Column 4 indicates the proportion of acceptable four-station
flashes from those that merely fell within the -geographical
area. The most careful work on timescale alignment was done
on trial (a), and as a result nearly 90%Z of the data is
acceptable with just two short "bad" patches being rejected.
More typically, one or two sequences of usable data was
recovered from each trial, covering around 3S0-60% of the
available data. Althouagh it was clear that further.work
should increase the recovery rate and improve the data
quality, it was felt that these results vindicated the

technique without incurring further effort.

TAELE 3 — STATISTICS OF ACCEFTAELE FLASH SERUENCES

Trial Feriod No of No of 7 A a g RESIDUAL
Flashes Contiguous Available (RMS ps)
fAccepted Sequences . Flashes
Ser il oTR 6, 12078 (a0 1085 3 87 3D
i AT e RO S AT A u ) 316 2 48 19,7
PO 7070200 -7 79 i fc) 394 2 &0 S.1
e 0. 7H9=14., 9079 .(d) 455 1 B7 S.2

Histograms of cumul ated acceptable sequences for the four

-r

Trial Feriodg of Table 3 are shown in Fia. 7. Trial Feriod




(a) has a shape similar to the theoretical curve of "Fig. 6
(a), while peaking at a low value of RESIDUAL below 4 ps, and
reducing sharply to the right. Trial Feriods (c), (d) and
especially (b) are less well shaped, probably because of
small timescale errors as other indications such as
signal-to-noise ratio are comparable for all Trial Feriods.
All the histograms show small peaks near RESIDUAL values of
100-160 nps, probably associated with mis—-matching waveforms
by a single cycle. Other peaks at higher values are

probably associated with completely spurious matches.

All the Trial Feriod histograms, with the possible
éxception of (b), exhibit a population gap near a RESIDUAL of
40 us. Thus 40 ps appears to be a suitable upper limit:for
acceptable flashes which will reject "rogues" efficiently.
The FRMS RESIDUAL values listed in Table 3 are calculated for
each Trial Feriod from flashes with RESIDUAL below 40 us.
It can be seen that all this data exhibits values of RMS
RESIDUAL well below the target of 25 wns, and the most
trustworthly Trial Feriod Cay. valiue deli 3o S as. Thus,
provided that the technical problem of maintaining accurate
timescales can be overcome, and flashes with a RESIDUAL
greater than 40 ps are rejected, an ATD system should be well
able to exceed the calculated accuracy shown in Fig. 3 for a

25 us RMS RESIDUAL.
This method of investigating the accuracy of the ATD
principle has the advantage that there is no need for CRDF

data for comparison, and that the results of over two
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thousand four-Sferic flashes can be displayed conveniently.

The ATD/CRDF éomparison was not able to show up systematic
errors in the ATD fixes. Although this method cannot
guarantee to eliminate the effects of systematic errors (the
effects of propagation have only been removed to rero—order,
see Appendix D) it is difficult to conceive of substantial
systematic errors that will not increase RESIDUAL. Thus 1t
appears likely that any systematic errors in flash
positioning are below the 1limits shown for - the 20 ups

error-maps.

6. CONCLUSIONS

A new technique (Arrival Time Difference, or ATD) for the
remote location of 1lightning flashes to ranges of several
thousand kilometers is described, and compared with the
present operational Cathode Ray Direction Finding ({CRDF)
system. The new technique does not suffer from many of the
operational limitations of the CRDF system, and has the
potential for substantially improved accuracy if an ATD
accuracy of 25 ‘us.can be achieved. Figu S -illustrates a
calculated flash leocation accuracy chart for an assumed 25 us
ATD accuracy. However, the ATD technique suffers from

lightning waveform propagation effects whose practical impact

needs to be quantified.
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The techni ques and results of a series of careful
measurement trials are presented and analysed in various
ways. - Direct comparison between ATD and CRDF methods is
difficult for a number of operational reasons. However,
such comparison indicates that flash fixing accuracy with the
ATD technique is an order of magnitude or so more consistent
than that for the CRDF technique, and does not appear to
demonstrate any systematic bias. An  attempt was made to
compare the ATD flash location results with meteorological
"ground truth", but the accuracy of comparison with available
data appears to be considerably less than the accuracy of ATD

flash location.

An alternative analysis technique 1is presented which
examines a measure of the internal inconsistency . of ATD
flash fixes (the "RESIDUAL") and is based solely on ATD
evidence. This technique reveals that great care must be
taken in analysis to make best use of the experimental datsa
quality. However, if this is done, - the techni que
demonstrates from the experimentally measuwred data that the
ATD 'accuracy can be improved by a factor of one half to one
orders of magnitude above the 285 ws standard, giving &

correspoﬁdingly improved chart accuracy over Fig. 3.

The RESIDUAL technique highlights the difficulty of
establishing adequate timescales at ATD Outstations, but
provides a method for determining when this has been

achieved.
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AFFENDIX A

THE SFERICS FILTER FROFILE

(a) Introduction

The basic concepts and design of the analogue filters used
in the Sferics Filter bhave & profound influence on the
success of the analysis methods, and so brief details are

presented here.

(b) The broad-band filter

The spectral profile of this filter dominates the system’'s
time~domain response  to any impulesive o  Sferic-like
waveform. It contains & high—pass S—pole Butterworth filter
exhibiting a 3 dBR pass—-band 1limit at 2.0 kH=, intended to
remove large amplitude low—freguency noise, and any
mains—related interference. The high—-pass filter is

cascaded with a 0.1 dB ripple low-pass 6-pole Chebychev

filter having a 0.1 dB band-pass limit at a nominal
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22.88 kH=z. This low—pass filter exhibits g1.6 dE

attenuation at SO kHz, the Nyquist frequency for the sampling

rate used.

The broad—~band filter combination exhibits a Group Delay
varying between 40-85 ps within the Sferic spectral peak
region of 7.5-27 kH=z. Although the Group Delay becomeé
larger at lower frequencies, peaking at 460 ps near 2 kHz,
the earth-ionosphere waveguide attenuation maximum of around
30 dB per Mm at 2 kHz (Challinor, 19467) ensures that this
effect is not obtrusive with Sferic waveforms, which thus
suffer little distortion. The filter impulse response has
dropped to negligible levels (for an 8-bit gquantiser) by 1 ms
after a test impulse, ensuring that a Sferic waveform is

adequately represented by a 10 me data window.

(c) Notch filters




Nt

where s 1is the complex frequency, j is the square—rodt of
=] g and Wwe 1is the notch filter centre frequency 1in
radians/sec. H(s) is a high—-pass S-Fole 0,1 dB Chebychev
filter which gives Thn(s) at least Z3.0 dBE attenuation within
50 Hz from the notch centre (a 100 Hz stop-band), 3.0 dB
attenuation at 85 Hz either side of the notch centre, and no
more than 0.1 dBE attenuation outside 946.45 Hz from the notch
centre. The centre freguency 1is phase—-locked to the
time—keeping oscillator at a frequency of n x 107/(2=°)Hz

( ~n % 9.927 Hz) where n can have integer values.

Notch filters are designed to remove man—made

transmissions, and are each just wide enough for this task.

A shift in filter profile of 10 Hz would significantly
compromise the elimination of interference. However, the
filter design is such that changes from nominal

characteristic of more than 2 Hz are unlikely.

Notch filters will inevitably distort Sferic waveforms as
well as eliminate man—made transmissions. By contrast with
the broad-band filter, whose slowly-varying spectral profile
implies small group-delay, the abrupt notch filter profile
can ““(with certain ‘tone-burst signals) exhibit "ringing"
effects lasting for tens of milliseconds. However, the
notch filters are so narrow that these effects are confined
to narrow spectral regions with the largest agroup delays
corresponding to heavy attenuation. Thus a Sferic signal,

having short duration and a correspondingly wide spectrum,
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has only a small fraction of its energy affected by
attenuation or large group delays. Thus, altheugh the
filter response does include Finging effects whose duration
may exceed the data window, they are of negligible aﬁplitude,
especially.when the filter response is to be used in a
correlation process where tﬁe squa}e of the amplitude is
significant. Notch filters do exhibit emall phase <shift
effects occurring over a wider spectral region, but these are
sufficiently slowly-varying to be corrected accurately by
spectral correction techniques based on the information in

1 the data window.

Notch f?lters thus have a small effect of Sferic
waveforms. The fact that the notch filter design is highly
stable implies that non—catastrophic errors in nogch filter
profile will have an exceedingly small effect on waveform

shape. Thus the effecte of the notch filters are highly

: predictable.




AFFENDIX R

SFECTRAL CALIERATION AND CORRECTION OF THE

SFERICS FILTER FROFILE

(a)Measurement of the broad—band filter profile

The Test Signal consists of an m—sequence (Feterson and
Weldon, 1972) pseudo-noise generator which goes through 1023
states, each lasting for 10 us, before repeating. This
generates S11 frequencies below the S0 kHz Nyquist frequency
for 10 ps sampling, each being a multiple of the fundamental
frequency whose period is 10220 ps (-~ 97.8 Hz), having

nearly equal known amplitudes.

The repetitive Test Signal is applied to the Sferics
Filter, including any notch filters, and allowed to run long
enough for transient responses to settle. The Sferics
Filter response is therefore the sum of the responses to the
individual sine-waves, and contains neqgligible energy above

S0 kHz because of the Sferics Filter characteristics.

Tite analogue response is sampled every 10 ps, and stored
as a 1024-point waveform in the Transient Récorder. The
first 1022 points are regarded as representative of the
repetitive analogue signal, and are transformed to freguency

space by 1023-point Discrete Fourier Transtorm, which

analvses the Fourier Series.
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The spectrum of the Sferics Filter response is divided by

the known 1027%-point Discrete Fourier Transform of the Test
Signal, and the resulting quotient spectrum is further
divided by the "known" 102Z-point spectrum of each notch
filter present in the Sfer;cs Filter. This leaves the
spectrum of the broad-band filter, with some small

contamination by profile errors in the notch filters.

(b) Shifting the profile measurements

to convenient frequencies

The spectrum of the broad-band filter contains only the
discrete frequencies used in the original measuremant.
However, the broad-band filter’'s impulse response has &
significant amplitude duration considerably 1less than the
10230 ps data window obtained: by performing a 102Z-point
Inverse Discrete Fourier Trénsform on the measured broad-band
filter spectrum. Thus the time—-domain waveform so obtained
represents an accurate impulse response of the broad-hand
filter and is not contaminated by overlapping. impulse
responses from adjacent repetitive time-windows. This would
not have been the case had the notch filters been left in.
Thus the 102%-peoint time—-domain impulse-response falls to
zero amplitude before the end of the data window, and can be
extended to any duration merely by adding samples of zero

amplitude. This allows any freqguency response to be

fpelBipage S7




e

calcul ated through a further n—-point Discrete Fourier
Transform. The most useful extension is to 1024 samples,
which is amenable to computationally efficient Fast Fourier
Transform manipulation, giving a Calibration Spectrum based
on multiples of the frequency whose period is 10240 s

(~ 97.7 Hz).

(c) Spectral correction

Once the Calibration Spectrum has been obtained, 1€-1s
used to correct Sferic Waveforms for minor discrepancies in
the broad-band filter; and any residusl group—delay
discrepancies in the notch.filteﬁs. This is achieved by
taking the 1024-point Sferic wavetorm and transforming to
freguency domain. The Sferic spectrum 1is divided by the
measured Sferic Filter spectrum, and multiplied by the
theoretical Sferic Filter Spectrum; the result is multiplied
by a fixed conditioning spectrum having some attenuation near
the broad-band filter pass—band limits to avoid "corrections"
whieh ‘merely amplify noise. Finally, the conditioned
spectrum is multiplied by any theoretical notch filter
prof{ies which may be necessary to bring the effective system
transfer function to a common mathematical ideal. The
result is the spectrum of the Sferic that would have been
received through a mathematically ideal Filter. In this

.

frequency domain form it is ready for the extraction of
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Time-Difference by the Correlogram technique.

The choice of "conditioning spectrum" is somewhat
arbitrary, and with noise-free waveforms of identical shape
would not affect the ATD resdlt. However, improved results
in the presence of noise are obtained if the overall profile .
matches the Sferic amplitude envelope to some extent. Thus
ff%e-iconditioning filter was chosen to make Ehe "mathematical

ideal"” filter a 6-Fole Bessel filter, transformed to a

band—-pass having geometrical symmetry, with 9.766 kHz centre

frequency and I dE bandwidth of 5.0 kHz; together

with the necessary notch filters.




AFFENDIX C

THE EXTRACTION OF "INTER-BOX" ARRIVAL TIME DIFFERENCE

BY THE CORRELOGRAM TECHNICGUE

(a) Introduction

Using the Sferics Trial hardware, the ATD between two
Sferics received at different Outstations is the sum of two

terms:

(i) The time-difference between _the first ordinates of
the two sampled Sferic waveforms, a calculation invelving

fhe conversion of local timescales to Intermnational Atomic

Time.
{i17) The "Inter—-EBox Time-Difference". fhe two
data-windows may be envisaged as boxes drawn round the

contirnuous Sferic waveforms represented by the sampled data

points. If- the Sferic waveforms are now aligned in some

"best fit" sense, the Inter—-EBox Time-Difference is the

correcsponding time—shift between the boxes.

This Appendix is concerned with the second term only.
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‘"(b) Extraction of time—-difference

Consider two sampled waveforms we (t) and w, ' (t), where t
ie time in seconds s£arting at zero for the first ordinate,
each having n samples spaced T seconds apart and thus of
finite duration ~» = nT. Each is assumed to contain a
disturbance of interest surrounded by a region of noise onlyf
Each may be regarded as being sampled from a continuous
repetitive waveform, having a repetition period v, which is
uniquely defined by assuming that no energy exists in the
continuous waveform above the Nyquist frequency for the
sampling rate (Shannon, 1949). Call these repetitive
continuous waveforms we(t) and w, (t) respectively.

Regagd Wwo(t) as a "reference" or "signal"; and w, (t) as
consisting of we(t) multiplied by a positive "best fit"
amplitude constant ey, shifted forward in time by.S, and to

have "noise" n, (t) added:

: Wwilt). = omMelt = &) + nja(t)




We can calculate the mean square "noise" na.® within
wy (t)s
nli = (1/7v7) (na ¢E) )=, dt

=2

(1/%) {wy (t))2.dt = ((2e) /7) wi (t) awe (t-35) . dt

il

+i( (o). /) (Wwo (t—-5))=2.dt

The first term is the mean square of w,(t), the constant

vu? . Similarly, as we(t) is repetitive, the third term is &%

~ multiplied by the constant ;:i. Both of these constaﬁts may
be calculated from the sampled data. The second term is
(—2c) multiplied by the value of the time—-lag correlogram
CORR{(5) for any value of a. Eliminate o by minimising na
with respect to o : ‘

dnd = 0 = -2 CORR(3) + 2c-:woz

This gives «: and because only positive values of « are

meaningful, implies that we must consider only positive

values of CORR(Z).
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The mean square "signal-to-noise ratio" R(3) is given by:

R(S) = (c®.Wwo)/(nd) = CORK=(3)

we .wd -CORrR=(5)

This is maximised, making the waveforms match best, when
CORR(3) is maximum, giving the intuitively obvious result
that the "best fit" time—-difference of wi.(t) with respect to
Wo(t) is the value of 5 which gives the highest positive peak
in the continuous (repetitive) correlogram CORR(Z). Note
that for identically shaped repetitive waveforms the maximum

R(3) is infinite.

(c) Use of R(3)

For typical Sferic waveforms CORR(Z) exhibits several
positive peaks during correlation of the actual disturbances.
The highest is likely to match corresponding portions of the
physicalh waveforms, but propagation distortion and additive
interference may emphasise an incorrect peak to maximum.
The relative heights of peaks in CORR(5) provide 1little

o
warning of this as a pair of "wave-packet" disturbances may
produce Qany nearly equal peaks even when a visual waveform
comparison gives no doubt of the correct match. The
funétion RS, wpressed in clE provides improved
discrimination: a farge main peak R implies nearly identical
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waveforms with low probability of mismatch.

Another useful discriminant is the "relative
signal—-to—-noise ratio". This is R(5) in dB for the second
highest positive peak minus R(5) in dB for the highest
positive pealk. A small value warns of uncertainty between

two peaks.

Correctly filtered Sferics of interest often dwarf

background noise, so similar propagation paths imply large K.
A second unwanted Sferic within the data window, even if
overlapping the first, reduces peak R, warning of the

potential for catastrophic degradation of the measured ATD.

4l

(d) Digital extraction of 35, R(3)

'

The mathematical form for correlation between two
waveforms is identical to the convolution of the first
wavetorm with the time-reversed second waveform. This leads
tofthé well-known result that the correlogram can be obtained
by taking the Fourier Transforms Wi(s), Ws(s) of wii{t), wo(t)
respectively, multiplying W, (s) by Wo*(s) where asterisk
represents a complex conjugate, and then taking the inverse

Fourier Transform. The relevant peaks may now be found by
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inspection.

The above is a continuous . waveform description. With

sampled waveforms the process is identical, but ‘"dashed"

(sampled) waveforms and spectra, and the Discrete Fourier
Transform are used. Unfortunately, the result is a sampled
correlogram, with no guarantee that the required peak lies on
a sample . point. The digital process 1is thus modi fied
slightly to shift the peak iteratively onto a sample point,
as these are true values of the underlying continuous

repetitive waveform.

Using the complex conjugate form of the Discrete Fourier
Transform, . we obtain (Appendix R) the epectrum of the
reference waveform, take the complex conjugate by changing
the sign of the imaginary elements, and multiply élement by
element by (1 - yw) where w is the element angular frequency,
and y 1is a scaling factor discussed below. The result is
multiplied by the spectrum of the csecond waveform, and the
inverse Discrete Fourier Transform taken. The original
waveforms were wholly real, so that the correlogram is real,
and in the real field of the result. The imaginary field
contains the time derivative of the correlogram (as -~w is js)
mulpiplied by the scaling factor y, whose value is chosen to
roughly equalise the numerical values in the time—-domain real

and imaginary fields to avoid degradation of the correlogram
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or its derivative through numerical truncation. Thus:

CORR(t) + j» d CORR(t) = L“{IAI'(S) (1—yw) Wo'*(5)§

dt

The sampled values of CORR(t) are examined to identify the
pair of large positive amplitude successive samples, whose

derivative is positive followed by negative, most likely to

straddle the highest peak. The position of the peak is now
"roughly" estimated by linear interpolation to find t for
zero derivative. This makes the effective assumption that

the peak is parabolic between the two straddling sample
points. The time At by which the correlogram has to be
delayed to shift this estimate onto the nearest sample point
is calculated.

The process is now iterated by taking the spectrum of the

correlogram and its scaled derivative, multiplying by

exp(—sat) to shift the estimated peak to a sample point, and

taking the inverse Discrete Fourier Transform to produce the
shifted composite correloaram and derivative. This is
iterated as required. After the final iteration, the peak
position is found by.linear interpolation of the derivative,
and the peak value is found by fitting a parabola to the

sample point nearest the peak and those two adjacent.
For the Sferics Trial 1024-point Discrete Fourier
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Transforms were used throughout. These produce

"theoretically correct" results, and by the second linear
interpolation produce an ATD which generally differs from
iteration—-to-convergence by less than 0.1 us. However, the
iterative process can be performed on a "windowed" limited
time region, centered on the estimated peak, to reduce
computation at the expeﬁse of an insignificant error in ATD.
The algorithm described above may be made computionally fast,
but does suffer from the weakness that the highest peak must
be identified from the sampled data points of the first
iteration. In practice, provided that a "mathematical
ideal" filter of adequate bandwidth is chosen (Appendix RB),
tHe natural waveshape provides a signature which makes the
highest peak sﬁfficiently obvious on most occasions, as

evidenced by the histograms of Fig. 7..

AFFENDIX D

FLASH FIXING

The procese of Flash Fixing is described here 1in a

generalised form suitable for any number of Outstations,

although the Sferics Trial comprised only four.

- Sferic waveform data are sorted into rouwaghly chronological
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order (by the epoch of the first ordinate of the waveform)
and grouped into “Flashes”. The time boundaries between
Flashes are established by the requirement that ATD values
must not exceed the theoretical maximum: the transit time
for a radio-wave to travel between a pair of Outstations.
Flashes comprising fewer than four Sferics are Aiscarded.

In order to select the "Reference" Outstation, the
Outstations included in a Flash are ranked on the basis of
their gecgraphical position and the known accuracy of
conversion between their local timescales and & common
timescale such as International Atomic Time (IAT). An
Dgtstation near the network centre is more likely to minimise
differential propagation effects, but the actual ‘choice is
intended to minimise overall ATD errors to produce the most
accurate - fix. The Sferics 1in a Flash are ‘sbectrally
corrected (Appendix RB) and the ATD between the Reference
Outstation Sferic and each. of the others 1is determined

L4

(Appendix C).

The first stage of Flash Location is: teafind ~an
approximate fix using an analytical method based on three
carefully selected ATD values and & spherical earth model
which assumes velocity-of-light Sferic propagation. This
non—-iterative method does not give the most precise result,
especially in the face of ATD errors, but  suffices as &

starting estimate for the main iterative algorithm, thus

reducing eventual processing load.
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The main Flash Fixing algorithm is an iterative process

that minimises the function RESIDUAL (e,)\), where:

RESIDUALZ(o,x) = (1/(m=2)) ATDr(ry 043 0) —ATDM(r) \ =

G 1)

RESIDUAL is a function of the estimated flash position in
terms of its gecdetic latitude (¢) and longitude (M) This
is calculated using the m values of measured ATD (ATDm) and
the m "theoretical" ATD values (ATD+w) calculated in turn
ffom the known Outstation geodetic co-ordinates, and the
geaodetic co-ordinates (¢y)) of the fix estimate. The
difference between these ATD values for the true fix 1is
assumed to have a Gaussian distribution of zero ﬁean and
variance c=. Thus the squared ATD differences are correctly
weighted for combination 1into an overall root—-mean—sguare
value, and a normalising factor (m—2) is used to account for
the two degrees of freedom lost in calculating ¢\, As the

#spectation value Tfor the square ATD differences is ¢=, the
expectation value for RESIDUAL after minimiézng with respect
G T A SR (O ¥ oV the minimum occurring at the most likely
T, The distribution of RESIDUAL.= is narmal i sed
Chi~;;uare, ‘although it is convenient to plot it in the form

of Figs. & and 7.

The fix co-ordinates are systematically adjusted using a

second—order algorithm for minimising RESIDUAL wuntil a
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suitable convergence level is reached.

The value of ATD+vw is * based on velocity-of-light
propagation along the geodesic (shortest surface distance)
between (o,\) and the relevant Outstation, assuming &
spheroidal earth with equatorial radius of 6378200m and a
flattening factor of 1/298.3. The qgeodesic was calculated

using Rudoe’'s reverse formula (Bomford, 1980).

The values to be attributed to o= can be calculated as the
sum of a number of terms. The error in local timescale
conversion to IAT can be estimated from a knowledge of the

methods used for maintaining the conversion. Noise and

propagation effects can be crudely estimated using
signal—-to—-noise ratio, relative signal—-to-noise ratio

(Appendix C), and the approximate flash location .together
with a knowledge of likely propagation effgcts. Such
techniques aqive the algorithm a degree of robustness against
failed equipment or "bad" data such as overlapping or noisy
Sferics. For the Sferics Trial results, however, this level
of sophistication was not used: the values of 6= were set

equal, giving a less than optimum fix.

The "velocity of light" must be quantified as wave-guide
velocities differ from free-space velocities. A phase
velocity is appropriate as the Correlogram ATD attempts to

match corresponding waveform phases, and in a wave—guide this

can exceed free—-space velocity.
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A pragmatic fit (o various velocities to Trial
measurements was attempted, including both day and night
results, and a multiplier on unbounded vacuo light velocity

of around 1.004 was found to reduce the RMS value of RESIDUAL

below that for a 1.000 multiplier by a factor between 2 and
4, The intermediate results obtained in determining this
multiplier were examined critically to disprove any

significant effects by small systematic experimental errors.

For theoretical support of the optimum multiplier, a
wave—hop model (Watt,19467) was used to propagate a radiation
source function consisting of the differential of a Dirac
impulse (after Budden, 1951) to various ranges, filtering the

result through the "mathematical idéal“ filter of Appendix H.

An ATD was extracted between pairs of these filtered
waveforms, and interpreted as a velocity over the
differential range. The velocity obtained varied with the

conditions assumed, but for differential ranges of 150-650 km
and average ranges of 1000-3000 km (covering the bulk of a
useful Service Area) multipliers between 1.001 and 1.007 were
calculated, with a value of 1.004 appearing as a reasonable

general fit.

On the basis of the above evidence a multiplier of 1.004
was E%osen, .giving a "velocity of 1light" appropriate to the
"mathematical ideal" e G B o = e Y Appendix R of 300991
metres/sec. This was used to provide a ‘'"zero-order

correction" for propagation effects in -the analysis of all

the tiial data for this paper.:
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SFERICS

SENSOR

T

SFERICS FILTER @CILLOSCOPE
7
Broad -band filter (3aB: 2—25 kHz) RECEIVER
Band-reject notch filters TRANSIENT RECORDER CRDF
Variable gain 1024 x 10puS pIps
|
|
I
Pseudo-noise test signal MANUAL
‘ ~ TIMING INTERFACE - HOLD
NARROW-BAND
FILTER Sferic Freeze
CRDF filter profile THRESHOLD event waveform
Variable ‘threshold LOGGER
gain INTERFACE
Epoch Freeze
EPOCH SOURCES > event epoch
Digital square-wave
phase-locked to MAGNETIC
NAW,\»ID sngnal/ RUBIDIL_JrMR . LATCHED LOGGER
travelling atomic OSCILLATO > > DisPLAY
clock 10 MHz’
Fig 1: Sferics trial Outstation




ATD STATIONS
CRDF STATIONS €D

Fig 2: Chart of ATD flash location error (RMS km) assuming 25 ms RMS ATD error.

The trial deployment of ATD and CRIF stations is shown. -



Fig 3: Chart of ATD flash location error (RMS km) assuming 25 ms RMS
ATD error, for a possible "operational network.
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Fig 4: Vectors joining CRDF fixes (+) to the
corresponding ATD fixes: Winter conditions.,
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Vectors joining CRDF fixes (+) to the

corresponding ATD fixes:

Summer conditionse.
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Fig 7: Histograms of RESI]IJAL for accepta.ble trial
data fixed between O°N - 80° N, and 80°W - 80°E.
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