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Abstract—Data from lightning detection networks is often
used for forensic purposes: to validate insurance claims or even
to determine the cause of death. Stroke location and current
estimates are subject to measurement error, and the dilution of
precision is reported in terms of a median conﬁdence ellipse and
χ2 distribution. A method is presented to derive the probability
density function from the reported statistics, and hence calculate
cumulative probability densities. Two hypothetical cases are
presented, with real lightning detection network data, to illustrate
the obstacles constraining direct forensic application of the data.

I. I NTRODUCTION
The understanding of the climatology of lightning has been
greatly enhanced through the analysis of data recorded by
Lightning Detection Networks (LDNs) around the globe. With
some networks claiming ﬂash detection efﬁciencies in excess
of 90% and location accuracies below 500 m [1], the data has
been applied to a wide variety of applications (like fault correlation on long transmission lines); although these detection
systems were not primarily designed for such applications, but
rather for meteorological investigations [2], [3].
Data, with sufﬁcient accuracy for climatological studies, is
often seen as “the smoking gun” on scenes where lightning
damage or injury has occurred. Unfortunately many misconceptions about the operation and limitations of these LDNs
and their use, continue to persist; this paper investigates the
speciﬁc use of this data in forensic analysis.
Two hypothetical scenarios are presented: that of damage
to an industrial plant and personal injury; using data with the
same parameters as that detected by combined time of arrival
and magnetic direction ﬁnding LDNs. This paper is intended
for engineering professionals who incorporate lightning detection data in their forensic studies.
II. S UMMARY OF LDN DATA
A. Flash vs. Stroke, and aggregation
A lightning ﬂash consists of several discrete stages: ﬁrst
the formation of the ionised channel, followed by the impulse
current ﬂowing through the channel. LDN sensors detect the
electromagnetic wave radiated from the impulsive current
ﬂowing through the channel; and may be coupled to either
the VLF, LF, or VHF parts of the spectrum [4], [5].
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The ﬁrst current impulse is termed the return stroke and
usually has the largest peak current. There may be more
charge in the vicinity of the origin of the initiating charge
centre, in this case a dart leader follows the previously ionised
channel and shares the previous attachment point on the the
ground. The impulsive current that ﬂows after a dart leader
is termed a subsequent stroke. Subsequent strokes produce
similar electromagnetic impulses to return strokes and may
also be detected by LDN sensors.
The typical duration of a lightning ﬂash, consisting of a few
lightning strokes, is in the order of a few hundred milliseconds.
It is for this reason that strokes are aggregated into ﬂashes
which provides a more intuitive description for a lightning
event. The aggregation algorithm employed by most LDNs
is described in detail by Cummins [1], [5]. The algorithm
aggregates strokes that occur close together in both time (total
ﬂash time <1 s and preceding stroke <500 ms) and space
(computed location <10 km and conﬁdence region overlap
within 50 km) into a single ﬂash [1], [5].
B. Detection efﬁciency
The Detection Efﬁciency (DE) of an LDN is a measure of
how many lightning events are recorded by the network versus
the true number of lightning events. Since network sensors
respond to the radiated electromagnetic impulse from the
discharge, the propagation of the wave over ground (or water)
where conductivity, permittivity, and permeability change has
the greatest inﬂuence.
DE is improved by reducing the baseline distance between
sensors and locating sensors around severe terrain.
Since LDN sensors primarily detect strokes, a ﬂash will
have a higher DE because there are multiple detection opportunities. Individual strokes have a much lower DE. For example
the North American Lightning Detection Network (NALDN)
has a stroke DE in the region of about 52% to 85% (depending
on the type of lightning) [5]. Similarly the NALDN has a
ﬂash DE in the region of 91% to 95% [5]. As the number of
strokes in a lightning ﬂash is reduced, so the ﬂash detection
efﬁciency approaches that of a stroke. Therefore single stroke
ﬂashes (only consisting of a return stroke) have a relatively
low detection efﬁciency.
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C. Location accuracy
Location accuracy is represented by three parameters: the
semi-major and semi-minor axes of the median conﬁdence
ellipse, and the χ2 parameter.
1) Probability model: The probability model employed
in many combined Time of Arrival (TOA) and Magnetic
Direction Finding (MDF) LDNs is based on the work of
Stansﬁeld who assumed that the random error obeyed a
Gaussian distribution [1], [6].
LDN sensors that determine position by comparing the
difference in arrival time of the radiated electromagnetic
impulse, use a time measurement which is synchronised with
a GPS clock installed in the sensor. It has recently been shown
that the error of these GPS clocks is not Gaussian [7].
D. Conﬁdence ellipse
Stroke location is reported in terms of the ﬁtted agreement
between the time of arrival and direction measurements.
Around this point an ellipse may be drawn which provides
a graphical estimation of the quality of location ﬁt.
The ellipse is determined from a probability distribution: a
bivariate Gaussian distribution is ﬁtted to the parameters and
scaled as a function of the quality of ﬁt. This distribution is
described by the following equation:
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The conﬁdence ellipse is calculated as the intersection of
this distribution through a median plane. Hence there are equal
probabilities that the real stroke occurred inside the ellipse and
outside the ellipse.
The conﬁdence ellipse is described in terms of the lengths
of the semi-minor and semi-major axes, and the bearing of the
semi-major axis; and by scaling these lengths it is possible to
increase the ellipse to an arbitrary conﬁdence interval (99%
for example). A factor of ∞ is required to scale the ellipse
to 100%; and this has no physical interpretation. Table I
lists median scaling factors to increase or decrease the ellipse
probability.
As the ellipse lengths are decreased, the closer the ellipse
approximates the centre point, or the stroke “location”. Hence:

lim
P (x, y) dxdy = 0
(2)
A→0

Where:
A
P (x, y)

TABLE I
C ONFIDENCE ELLIPSE SCALING FACTORS , FROM MEDIAN CONFIDENCE
ELLIPSE . A DAPTED FROM [8].
Conﬁdence ellipse size (%)
50.000
75.000
90.000
95.000
99.000
99.900
99.990
99.999

Scaling factor
1.000
1.414
1.823
2.079
2.578
3.157
3.646
4.076

1) Physical interpretation of median ellipse: Figure 1
shows the computed stroke location as a black dot, surrounded
by the median conﬁdence ellipse. The computed stroke location does not lie on the object of interest, which is represented
by a rectangle. The rectangle represents the physical footprint
of the object of interest–it is considered that lightning may
have attached directly to this object. There is a section of
common area enclosed both by the median conﬁdence ellipse
and the outline of the object of interest i.e. the intersection of
these areas.
However, the ellipse is only that of the median, therefore
there are equal probabilities that the stroke occurs within the
ellipse, or outside of it. There is no direct physical interpretation for the common area, described by the intersection of
the ellipse and object areas.
If the conﬁdence ellipse were scaled by one of the factors
in Table I (99% ellipse for example) then there would be a
larger area in the intersection between the ellipse and object
of interest. However there would also be more unrelated area
covered by the ellipse. Regardless of the probability enclosed
by the conﬁdence ellipse (median, or even 99%) there is no
direct physical interpretation for this measure.
It is possible, however, to integrate the spatial probability
density function, described by Equation 1, over the object
of interest. This number then yields a direct probability that
the stroke occurred within the area of the object of interest,
which may be compared with other strokes computed to have
occurred near the object of interest. The integral of Equation 1
does not have an analytical solution, and this integration must
therefore be performed numerically.

A

Area within conﬁdence ellipse
Probability density at point x, y

So it is possible to say, with absolute certainty, that the
stroke did not attach at the computed stroke location.
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Fig. 1. Illustration of intersection between median conﬁdence ellipse and
object of interest (rectangular). Computed stroke location shown as black dot
in the centre of the ellipse.
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2) Determination of the probability density function from
conﬁdence ellipse parameters: Points of equal probability
density, as described by Equation 1 form concentric ellipses,
centred at μ .
These ellipses are described by the following equation:
x − μ )T Σ −1 (x
x − μ)
c2 = (x

u12

tan θ

(4)

1 + tan2 θ

= ± 1 − u211

(5)

Now u2 must be orthogonal to u1 so u1 × u2 = 0. To
m
expand into additional dimensions, the condition i=1 ui = 0
must be satisﬁed.
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The orthogonal matrix is then S = u1 u2 , and the
ellipse can be expressed in terms of the basis vectors:
x − μ)
c2 = ST (x

T
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D ST (x
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In this form it is apparent that the semi-major and semiminor axes lengths occur when the component of either of the
basis vectors is zero. And so the eigenvalues correspond with
these lengths:

lmajor

=
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=
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Thus all the parameters of the probability density function,
given by Equation 1 are satisﬁed.
E. Peak current
Peak current of a lightning stroke, is estimated from the
Range Normalised Signal Strength (RNSS) [1]. More precisely, the magnitude of the vertical component of the electric
ﬁeld is normalised against a 100 km standard and peak current
is estimated from this value.
In forensic analysis, peak current is an important parameter
because it is an estimate of the energy of the impulse. However
few LDNs have been compared against direct lightning current
measurements; the maximum directly recorded peak currents
are yet to exceed 60 kA [2], [5], [9], [10].
III. H YPOTHETICAL CASES
Two hypothetical cases are presented in this section, and
the scenarios are illustrated in Figure 2. The scenarios have
been constructed as a means to illustrate typical problems
encountered during forensic investigations. Real LDN data
has been used, the data was selected by choosing an area a
thunder storm had passed through and arbitrarily placing two
hypothetical objects in the path.
The plant was placed near a cluster of 16 strokes, aggregated
by the LDN into 5 ﬂashes: three consisting of four strokes
each, and two double stroke ﬂashes. These strokes all occurred
within a 10 minute window. To the south of a plant a three
stroke ﬂash occurred, 35 minutes after the cluster.
The four strokes to the west of the person are aggregated
by the LDN into a single ﬂash; this ﬂash occurred 15 minutes
before the cluster near the plant. The remaining strokes are
distributed throughout the hour window.
A. Industrial damage



Where:
D Diagonal matrix
matrix eigen of co-variance

λ1 0
values. D =
0 λ2



c2

(3)

The LDN system reports conﬁdence ellipses in terms of
the lengths of the semi-major and semi-minor axes; and the
bearing of the semi-major axes. Using the principal axis
theorem it is possible to compute Σ (the co-variance matrix).
The mean matrix, μ , is simply the stroke location.
No clear procedure to compute the parameters of the probability density function from the parameters of the conﬁdence
ellipse is available in literature. The following method is proposed and discussed in the subsequent sections, and consists
of ﬁnding a set of basis vectors that describe the bearing of
the semi-major axis. The lengths of the semi-major and semiminor axes correspond to the eigenvalues of the co-variance
matrix. These steps may be generalised into m dimensions.
An orthogonal matrix, consisting of unit orthonormal basis
vectors is ﬁrst computed from the bearing:
u11 = √

Equation 8 may be rewritten in the same form as Equation 3,
and thus an expression for the co-variance matrix is derived:

In this scenario the case of an industrial plant is considered.
It was reported that the failure of the plant occurred as the
result of a direct lightning ﬂash. Radar data from the national
meteorological service shows a storm crossing the area of
the plant. A set of lightning strokes for the area (including
conﬁdence ellipses, bearings, and χ2 values) was also supplied
by the national meteorological service. The modelled median
location accuracy for the area is 500 m and ﬂash detection
efﬁciency is predicted to be in excess of 95%.
All reported strokes within 10 km of the plant on the day
in question are plotted in Figure 2. None of the computed
stroke locations are within the area of the plant. Two median
conﬁdence ellipses intersect the plant, and the corresponding
computed stroke locations for these two ellipses are the closest
of the 16 stroke cluster to the plant. Both of these strokes are
aggregated by the network into the same four stroke ﬂash.
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Data source: South African Lightning
Detection Network. Used with permission from the South African Weather
Services. Plant and ellipses to scale;
person schematically illustrated and not
to scale.

longitude
Fig. 2. Schematic lightning strokes occurring in a 1 hour window and within 10 km of a plant and person, including computed locations and median
conﬁdence ellipses. The ﬂash density of the area is between 10 to 12 ﬂashes/km2 /year.

If the conﬁdence ellipses are scaled from 50% to a 99%
conﬁdence interval, then 10 ellipses intersect or enclose the
plant area. These 10 strokes are aggregated by the network
into four separate ﬂashes.
Computing the cumulative probability density within the
area of the plant determines that the two median conﬁdence
ellipses that intersect the area of the plant have the highest
cumulative area probabilities. In the zoomed view of the
problem geometry, shown in Figure 2, a small conﬁdence
ellipse to the immediate north west of the plant corresponds
to the third most cumulative probability density.
B. Personal injury
In this scenario the body of a 1.6 m tall person was found
in the open savannah. There were no eye witnesses to the
event, and cause of death was determined, by autopsy, as direct
lightning attachment to the person.
The position of the person is not found within any of the
median conﬁdence ellipses. Since the location of the person
effectively represents a point source the same limit restriction
described by Equation 2 is present when calculating any of the
strokes’ cumulative probability integrals, yielding nonsensical
cumulative probabilities. None of the scaled 99% conﬁdence
ellipses enclose the position of the person either.
IV. T HE “ SMOKING GUN ”?
The two hypothetical scenarios illustrate some of the obstacles constraining the direct application of LDN data in forensic
investigations.
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In the case of the plant, there are numerous stroke candidates
clustered tightly around the plant. Direct physical interpretation of the stroke median conﬁdence ellipses is not possible:
the two median ellipses that intersect the outline of the plant
may seem like more likely candidates, however three strokes
have similar cumulative probabilities and for one stroke the
median conﬁdence ellipse does not intersect the plant. In
this case the aggregation of two strokes into the same ﬂash
may provide a higher cumulative ﬂash probability. Although
it must be remembered that networks claim median location
accuracies in the order of 500 m, but use even wider ﬂash
aggregation criteria [1]. A more appropriate approach would
be the ranking of the strokes based on their cumulative stroke
and ﬂash probabilities, but it is not possible to select a single
stroke or ﬂash that may have been responsible.
In the case of the person, there are no likely stroke or
ﬂash candidates. The cumulative probability approach is not
applicable as the numerical integration area presented by
the person effectively is a point; and therefore has a zero
cumulative probability. What can be inferred with a high
degree of conﬁdence is that the conditions were severe, with
lightning occurring all around the person. Thus the risk to
life was potentially grave, but no overlapping lightning stroke
information exists. The absence of overlapping LDN data does
not preclude the involvement of lightning. This may in fact be
an indication that the DE in a speciﬁc area is less than that
predicted by the performance model or that the event falls
within the non-detection performance characteristic. This of
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course applies to both scenarios.
Each stoke must be considered as the full set of computed
location, conﬁdence ellipse, χ2 , and peak current. The data
set may be reduced by removing extreme outliers, where
strokes occurring some distance away from an event may be
ignored. Correlation with calibrated clock sources provides a
most effective selector, but is not always available as ﬁeld
information may be scarce.
V. C ONCLUSION
A single smoking gun does not exist; but rather a list of
probable strokes. Even if the case of a single unambiguous
stroke to a point existed, the probability of an undetected
stroke being the real cause is not zero.
It is not possible to select a stroke based on the intersection
of a collective area and conﬁdence ellipse because there is
a non-constant probability density within the ellipse–direct
interpretation is not possible. A median conﬁdence ellipse is
also a very small probability on which to base an analysis,
since there is a coin toss between being inside or outside the
ellipse. A more appropriate analysis includes calculating the
cumulative probability density within a collection area.
Detection efﬁciency is not perfect and this measure of
network performance varies geographically due to variations
in inter-sensor spacing and even terrain features. Detection
efﬁciency, in conjunction with other performance measures
like location accuracy, need to be veriﬁed since one network
does not have the same performance the same as another
network. Hence veriﬁcation studies are critically important to
conﬁrm the performance of speciﬁc LDN’s.
This paper has noted particular and limiting constraints on
the use of lightning detection networks in forensic applications, particularly when such data is considered in isolation.
The holistic investigation of the entire scene, including the
presence of direct physical evidence of lightning attachment
and other corroborating evidence is required to forensically
analyse the hypothesis of an event or incident potentially
ascribed to lightning.
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