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Abstract Low frequency electromagnetic waves emitted by sprite-producing lightning are normally
measured using vertical electric fields or horizontal magnetic fields. Here we report for the first time the
simultaneous measurement of electromagnetic waves from sprite-producing lightning in all six electromagnetic
field components E,, E,, E,, H,, H,, and H,. A rigorous assessment of the horizontal electric field
measurements with dipole antennas in two independent calibration experiments shows that a timing uncertainty
of ~1—2 ns can be achieved, well above the current fundamental limit of the timing accuracy ~1-5 ps. The
coupling between the electric and magnetic fields is quantified using a transfer matrix, allowing the magnetic
field to be reconstructed accurately from electric field measurements. The cross product of electric and magnetic
fields is used to calculate peak energy fluxes and arrival azimuths from sprite-producing lightning. It is found
that peak energy fluxes vary between ~10-1,000 pW/m? and that the differences between the measured and
expected arrival azimuths are practically normally distributed with a mean and standard deviation of

—8.0° £ 2.2°. It is concluded that horizontal electric field measurements are well suited to characterize
electromagnetic waves with added benefits, including the ease of deployment in harsh environments, cost-
effectiveness and scalability, for example for polarisation measurements in large low frequency arrays. The
significance of this study is that it can be used as a pathfinder mission to identify critical technical requirements
for the array deployment during the Africa2Moon lander mission.

Plain Language Summary Sprites are Transient Luminous Events above thunderclouds that tend to
occur after intense lightning activity. The lightning emits electromagnetic waves that can be recorded hundreds
of kilometres away. The electromagnetic waves are composed out of six different components. Here we report
for the first time the simultaneous measurement of all six components. It is found that all the six components are
well related to each other with very high precision. For the deployment of arrays with a large number of
measurement instruments, it is therefore possible to choose horizontal electric field measurements which are
cost-effective and logistically convenient, in particular in harsh environments. At the same time, such array
experiments can be used as a pathfinder mission for the planned deployment of an astronomical array on the far
side of the moon to detect celestial objects which cannot be measured at the surface of the Earth.

1. Introduction

Sprites are Transient Luminous Events (TLEs) that tend to occur above thunderclouds when a spatially extended
charge distribution inside the thundercloud is neutralized (e.g., Fiillekrug et al., 2006; Pasko, 2010; Zhang
et al., 2024, and references therein), for example, by intense positive lightning discharges and/or large scale in-
cloud lightning activity, commonly known as “spider lightning” (e.g., Haspel & Yair, 2024; Lyons, 1996, and
references therein). The electromagnetic fields radiated by sprite-producing lightning discharges are mainly
measured with horizontal magnetic fields or with vertical electric fields (e.g., Bai & Fiillekrug, 2022; Bor
et al., 2018; Cummer & Inan, 1997; Fiillekrug et al., 2001; Pizzuti et al., 2022; Reising et al., 1999, 1996, and
references therein). Horizontal magnetic fields are either measured with air-core loop antennas (e.g., Fraser-
Smith, 2007; Fraser-Smith et al., 1991, and references therein) or with induction coils (e.g., Bor et al., 2018, 2016;
Whitley et al., 2011, and references therein], whereas vertical electric fields are measured with monopole or
dipole antennas (e.g., Fiillekrug, 2010, and references therein). Lightning interferometry that measures the arrival
azimuth and elevation angles of electromagnetic waves emitted by atmospheric discharge processes, such as
streamers, leaders, return strokes and continuing current, require a large number of receivers where the logistic
effort and cost implications become significant such that the measurement of vertical electric fields at low
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frequencies ~0.1-500 kHz is commonly preferred (e.g., Bitzer et al., 2013; Fiillekrug, Mezentsev, et al., 2015;
Fillekrug, Smith, et al., 2015; Fiillekrug et al., 2014, 2016, 2018a, 2018b; Karunarathne et al., 2013; Lyu
et al., 2016; Mezentsev & Fiillekrug, 2013; Qu et al., 2018; Shi et al., 2017; Smith et al., 2002; Wu et al., 2018;
Yoshida et al., 2016; Zhu et al., 2021, and references therein).

The electromagnetic boundary conditions at the surface of a perfect horizontal conductor, which has no elec-
tromagnetic fields inside, are that the vertical electric field and the horizontal magnetic fields can jump from a
finite value at the surface to zero inside, whereas the horizontal electric field and vertical magnetic field have to be
continuous and are hence zero at the surface of the perfect conductor (Jackson, 1999). The Earth's uppermost
layers have a finite conductivity such that the primary electromagnetic fields from lightning discharges induce
surface currents with secondary electromagnetic fields that can be observed at the surface of the Earth (Bor
et al., 2022; Wait, 1990), even though they are much smaller, that is, on the order of a few tens of percent when
compared to the primary fields. As a result, measurements of vertical electric fields or horizontal magnetic fields
are commonly preferred. At frequencies <0.1 kHz, vertical electric fields and horizontal magnetic fields are
measured sometimes together (e.g., Burke & Jones, 1992, 1995; Nakamura et al., 2010, and references therein) to
calculate the distances between lightning discharges and the receiver using the electromagnetic wave impedance,
or to approximate measurements of the complete Poynting vector. However, the frequency bandwidth of a
magnetic field sensor is limited as a result of the coil's resonance and the technology does not easily scale up to
low-frequency interferometry with numerous sensors in large arrays. As a result, the measurement of horizontal
electric fields with dipole antennas might be advantageous, in particular for deployments in harsh environments.
For example, the vertical stability of antennas would need to withstand the fierce winds in the Antarctic and avoid
the static arising from charged ice crystals.

This contribution aims to explore the use of horizontal electric field measurements along with exemplary mea-
surements of all six electromagnetic field components of sprite-producing lightning discharges during field work
in the Karoo desert in South Africa on 26 January 2023. The contribution describes the instruments used with
particular emphasis on tests in the laboratory and in the field to quantify the timing uncertainties that are relevant
for interferometric experiments. Subsequently, simultaneous measurements of all six electromagnetic field
components E,, E,, E,, H,, H,, and H, are conducted and evaluated in two ways: first by comparing the
electric field measurements to the magnetic field measurements using a transfer matrix, and second by using the
cross product between the electric and magnetic field vectors to calculate peak energy fluxes and arrival azimuths
of electromagnetic waves from sprite-producing lightning discharges. The main advantage of measuring all six
electromagnetic field components simultaneously is that it is possible to assess whether the horizontal electric
field components are consistent with the other four electromagnetic field directions. If this is so, the number of
horizontal electric field sensors can be scaled up to very large arrays for use in low-frequency interferometry.

2. Instrument

The instrument for the simultaneous measurement of six electromagnetic field components extends a previous
instrument to measure vertical electric fields (Fiillekrug, 2010). The novel instrument is composed of six elec-
tromagnetic field sensors and a timed data acquisition disciplined by a Global Navigation Satellite System
(GNSS) clock.

2.1. Signal Conditioning

The wavelengths of the incident electromagnetic waves at low frequencies are much larger than the length of
electric and magnetic field sensors, e.g., ~1 km at 300 kHz and ~10 km at 30 kHz. This means that the mea-
surements of voltages are in essence of a quasi-static, or capacitive, nature. As a result, a high impedance follower,
or impedance converter, is required to match the output impedance of electric field sensors to the input impedance
of the data acquisition. The impedance converter is combined here with a bandpass filter to form an analogue
signal conditioning unit. The electronic circuit diagram of the analogue signal conditioning unit is shown in
Figure 1a. The signal from the electric field sensor is initially amplified by a high impedance Junction Field Effect
Transistor (JFET) powered by 12 V DC provided by a battery. The finite capacitance and resistance of the JFET
act simultaneously as a high pass filter for the incoming signal. The second part of the signal conditioning unit
consists of a three-stage inductance/capacitance (LC) low-pass filter, where the capacitance values vary between
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Figure 1. Analogue signal conditioning and test setup. (a) The analogue signal from an electric field sensor is amplified by a high impedance Junction Field Effect
Transistor JFET) powered by 12 V DC. The analogue signal conditioning unit thereby acts as a high impedance follower, or impedance converter. The finite
capacitance and resistance of the JFET effectively acts as a high-pass filter. Subsequently, the signal is conditioned with a passive three stage inductance/capacitance
(LC) low-pass filter. (b) The block diagram shows the test setup for the signal conditioning unit. One Global Navigation Satellite System (GNSS) clock generates every

1 s a rectangular pulse to start the recordings of the data acquisition, along with a time aligned pulse every 1 ps that triggers the acquisition of each individual sample.
The second GNSS clock acts as a signal generator that produces rectangular pulses every 1 ms where the rising edge is converted by the pulse generator to a 1 ps long
Kronecker delta pulse. The splitter divides the signal into a reference signal and a signal that is either fed directly to the input terminals, or through the signal conditioning
unit for comparison with the reference signal.

stages to minimize the risk of hardware saturation, since capacitors can become fully charged, or saturated, by
nearby lightning discharges.

2.2. Data Acquisition and Timing

The data acquisition NI-USB 6366 from National Instruments offers the parallel measurement of up to eight
channels. Here, six channels are used to simultaneously measure the six electromagnetic field components with a
sampling frequency of 1 MHz. The onboard oscillator is synchronised to Coordinated Universal Time (UTC) by a
commercial GNSS clock, the u-blox EVK-FIT. The first timing signal is the Pulse Per Second (PPS) where the
rising edge of a rectangular, or Transistor-Transistor Logic (TTL), pulse marks the start time of the UTC second.
The second timing signal of the GNSS clock is a 1 ps long TTL pulse with a 50% duty cycle to trigger the
acquisition of each individual sample by disciplining the onboard sample clock. This strategy results in a timed
data acquisition with a sampling frequency of 1 MHz which is as precise as possible. In this way, the overall
timing uncertainty is mainly determined by the accuracy of the GNSS clock which is quantified in detail in the
following section.

2.3. Timing Uncertainty

The timing uncertainty of electromagnetic measurements is the most important factor that determines the per-
formance and design of low frequency arrays. GNSS clocks are nowadays commonly used to discipline the local
oscillator that controls the data acquisition with the aim to minimize long-term drift, or wander, in the recordings.
The timing uncertainties on relatively short time scales, known as jitter, are commonly attributed to stray, or
parasitic, capacitances in electronic systems. The time it takes to charge and discharge a capacitance is influenced
by small fluctuations in the capacitance arising from electronic noise. This effect can result in small advances and/
or delays of the zero crossings, or polarity transitions, of the timing signals used for synchronisation. It is
practically impossible to avoid stray capacitances when manufacturing electronic circuit boards. It is therefore of
fundamental importance to characterize timing uncertainties to quantify limitations for the subsequent inter-
pretation of results.

In this contribution, the timing uncertainties caused by the analogue signal conditioning unit are quantified by
comparison of a reference signal with a signal that is fed through the analogue signal conditioning unit or bypasses
it. These two experiments are explained in the following, assisted by the block diagram shown in Figure 1b.

The key elements of the data acquisition are the onboard oscillator and the input terminals (compare to Sec-
tion 2.2). An independent GNSS clock acts as a signal generator that produces rectangular pulses every 1 ms with
a 50% duty cycle, where the rising edge is converted to a 1 ps long Kronecker delta pulse, that is, one single
sample, by the pulse generator Hewlett Packard (8082A). A signal splitter from Mini-Circuits (ZFRSC-42-S+)

FULLEKRUG ET AL.

30f 13



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Radio Science 10.1029/2025RS008543

a 3 ﬁ ; b ooo ! .
‘ 0081 /N 1
25 /\ 1 ) \
0.07+ 4 \ g
2r ‘/ | 1 / é‘
[ 0.06 | / \ 1
| \ 2 / \
=15 ‘/ \ ﬁo.os - /’ \\ 1
=) / I oy L / \\\ 1
2 4 / \‘ i il 0.04 f \
| 003 // \\ 1
05! | i
[ 0.02} / \ :

o
I
%

%
%
®
%
%
®
®
®
®
®
®
®
®
®
®
®
&
o
2
T
\;\
\\C\“
.

o
o
o

0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20

[t]=ps [At]=ps
c 37 d os : : :
| P
I 0.45 /N i
| ] /N

S

T

.

o
w 2
S
s

.

[U]=
[pdf]=1/ns
o
N 2
o w

o
(%)

T

L

0.15 / \
[\ \
/ :
L. b e e et

o

05— :
0 5 10 15 20 -4 -3 -2 -1 0 1 2 3 4
[t]=pus [At]=ns

Figure 2. Test results of the analogue signal conditioning. (a) The splitter and parallel data acquisition are tested by bypassing
the signal conditioning unit. The reference signal (circles) is practically identical to the signal that bypasses the signal
conditioning unit and the reconstructed reference signal (stars) by calculating and applying the inverse impulse response
function. (b) The probability density function (pdf) of the time differences between the reference signal and the reconstructed
reference signal (circles) are practically normally distributed (solid line) with a mean and standard deviation of 0.0 £ 4.8 ps.
(c) The reference is signal is a Kronecker delta pulse (circles) which is compared to the impulse response of the analogue signal
conditioning unit (dots) that is used to reconstruct the reference signal (stars) by calculating and applying the inverse impulse
response function. (d) The pdf of the time differences between the reference signal and the reconstructed reference signal
(circles) is practically normally distributed (solid line) with a mean and standard deviation of 0.0 £ 0.8 ns. The uncertainty
~0.8 ns is attributed to stray capacitances in the signal conditioning unit.

divides the signal into a reference signal and a signal that goes through a switch which either feeds the signal
directly to the input terminals of the data acquisition, or through the signal conditioning unit for comparison with
the reference signal. The main advantage of this arrangement is that a fundamental limit of the timing uncertainty
can be determined by bypassing the signal conditioning unit for comparison with the reference signal. In this case,
it is possible to test how much timing uncertainty is contributed by the splitter, the Bayonet Neill-Concelman
(BNC) cables and connectors, the parallel boards of the data acquisition, and the software to calculate the
timing uncertainty. In this contribution, the timing uncertainty is calculated from the harmonically interpolated
cross-covariance function in the time domain which is commonly used to determine time differences digitally
with a precision that is smaller than the sampling time interval (Fiillekrug et al., 2001; Stock et al., 2014).

This rigorous test protocol shows that the fundamental limit of the timing uncertainty is —40.0 £ 4.8 ps when the
reference signal is compared to the signal that bypasses the signal conditioning unit. The uncertainty of 4.8 ps is
much smaller than the offset of —40 ps. It is therefore concluded that the offset is either introduced by the splitter,
or by the sampling delay of the parallel channels of the data acquisition, but not by the software that is used to
calculate the time differences. It is advantageous to treat the signal that bypasses the signal conditioning unit as the
impulse response of the reference signal. In this case, it is possible to reconstruct the reference signal by
calculating and applying the inverse impulse response to the signal that bypasses the signal conditioning unit
(Figure 2a). This is effectively the same methodology that will be applied to the impulse response of the signal
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conditioning unit. In this way, the offset of —40.0 ps is removed and only the jitter of 4.8 ps remains to describe
the fundamental limit of the timing uncertainty (Figure 2b).

The same methodology is applied to the signal that is fed through the signal conditioning unit to measure its
impulse response and to calculate the time differences between the reference signal and the reconstructed
reference signal (Figure 2c). The timing uncertainty introduced by the signal conditioning unit is 0.0 = 0.8 ns, that
is, well above the fundamental uncertainty limit of 4.8 ps. The timing uncertainty is similar to the uncertainty for
two independently operating GNSS clocks such that there is no uncertainty added by the signal conditioning unit,
even though the fundamental timing uncertainty limit is much smaller. This increase of the timing uncertainty is
attributed to the stray capacitance arising from the proximity of conductors and electronic components on the
printed circuit board of the signal conditioning unit which act like unintentional, yet finite, capacitances. This
interpretation is corroborated by numerical simulations of the phase of the impulse response of the signal con-
ditioning unit which agrees well with the measured phase response. Given that the capacitance plays such a
significant role, a calibration during experiments in the field with simultaneous recordings of multiple horizontal
electric field antennas appears to be sensible, as described in the following two sections.

2.4. Electric and Magnetic Field Sensors

Two types of electric field sensors are used here to measure the three electric field components, that is, one
vertical electric field antenna and two orthogonal horizontal electric field antennas. The vertical electric field
antenna is a 1 cm thick circular flat plate with a 1 m? surface area that is elevated 1.5 m above the ground by three
nylon 66 rods to insulate the plate from the ground (Fiillekrug, 2010). The horizontal electric fields are measured
with shielded twisted pair cables with two core wires. The shield attracts the electric field lines into the two core
wires, where each twist of the two wires increases the capacitance of the cable. Two cables are aligned in opposite
directions and the voltage difference between two core wires in the cables is measured at the center. Each of the
two cables is 6 m long, where one core is used to measure the signal voltage, such that the electric field is
calculated from the measured voltage difference between the two cables divided by 2- 6 m = 12 m to obtain the
electric field. This arrangement effectively corresponds to a dipole antenna to measure horizontal electric fields.

The three magnetic field components are measured with commercial induction coils, that is Metronix MFS-07,
which measure the magnetic field in the frequency range from ~4 Hz to ~50 kHz (Whitley et al., 2011).

3. Horizontal Electric Field Measurements

Two different measurements of horizontal electric fields with dipole antennas are conducted to determine the
timing uncertainties in real world situations. Both experiments are carried out in the proximity of the Square
Kilometer Array (SKA) on private farmland near the town of Carnarvon in the Karoo desert, South Africa (lat:
—30.955°, Ing: 22.105°), from 25-26 January 2023. The first experiment simultaneously measures the electric
fields with six horizontal dipole antennas aligned in parallel next to each other to cross calibrate the signals. The
second experiment uses six dipole antennas rotated relative to each other. This geometric arrangement is intended
to investigate whether the orientation of the dipole antenna has a significant effect on the timing uncertainty.

In the first experiment, six dipole antennas are aligned in parallel. The signals from five dipole antennas are cross
calibrated with transfer functions to one dipole antenna. The signal conditioning unit of this dipole antenna has
been used for vertical electric field measurements of the timing transmitter operating at 60 kHz in Cumbria, UK,
which is intended for an approximate calibration of electric field measurements (Fiillekrug et al., 2018b, Section
3.2). The cross-calibrated horizontal electric fields from distant lightning events agree well (Figure 3a). A total of
870 lightning strokes are extracted from the parallel recordings. The timing differences between all
15 = 6!/(21(6 — 2)!) possible pairs of the six dipole antennas results in 13050 = 15 -870 timing differences
which are summarized in one probability density function (pdf). This pdf is a double exponential, or Laplacian,
distribution function (Figure 3b) described by

fx) = iexp <y> [1/ns], €))
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Figure 3. Horizontal electric field measurements. (a) Parallel horizontal field recordings with 12 m long dipole antennas are
used to cross-calibrate six different signal conditioning units. The recordings show two large lightning strokes followed by
smaller strokes tens of ms later. (b) The pdf of the time differences of selected strokes (circles) is practically a double
exponential distribution (solid line) with a mean and standard deviation of 0.0 £ 5.0 ns. (c) Three orthogonal horizontal
electric field measurements with dipole antennas oriented 0°, 30°, and 60° from geographic north are rotated onto east-west (ew)
and north-south (ns) cartesian coordinates (blue, red and yellow lines and dots). The arrival direction of the electromagnetic
waves is compared to the expected arrival azimuth from a sprite-producing lightning stroke (black line). The horizontal electric
fields are aligned with the surface current in the conductive Earth. (d) The pdf of the time differences between the rotated
horizontal electric fields of lightning strokes (“circles”) is practically a double exponential (solid line) with a mean and standard

deviation of —0.4 + 2.0 ns.

where x is the variate, p is the mean of the double exponential pdf and b is a scaling parameter. The standard

deviation of the pdf can be calculated from the scaling parameter 6 = \/ﬁb such that the timing uncertainty is 0.0
+ 5.0 ns, which is similar to the timing uncertainty measured in the laboratory. The pdf of time differences
measured in the laboratory is a normal distribution (Figure 2d) while the parallel calibration is best described with
a double exponential distribution (Figure 3b). This difference is attributed to the different measurement of the
time differences. For the Kronecker delta pulses of the reference signal and the reconstructed reference signal in
the laboratory, 4 samples are used to calculate the time differences, whereas the time differences of real world
signals are calculated from the envelope of the complex trace with 200 samples which results in a robust estimate

of the time differences of real world signals.

In the second experiment, six dipole antennas are rotated in angular steps of 30° with respect to each other, that is,
at0°,30°, 60°,90°, 120°, and 150°, where 0° corresponds to the geographic north direction and the rotation angles
are counted clockwise. This arrangement can be understood to form three cartesian measurement systems or one
single measurement system where the outer end points of the cables form a dodecagon with 12 vertices. This
geometric structure is reminiscent of spider webs which resulted in the more colloquial designation “spider
antenna.” Similar antennas are used for infrasound measurements to enhance the signal-to-noise ratio of the
original recordings (e.g., Alcoverro & LePichon, 2005, and references therein). The horizontal electric field
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recordings in the three different cartesian coordinate systems are rotated into the geographic north/south and east/

west directions for comparison
E, cosg sing) (E;
= A [V/m], @)
E, —sing cosg/ \E,

where E, is aligned in the geographic east/west direction, E|, in the north/south direction, ¢ is the rotation angle to
revolve the coordinate system clockwise by 0°, 30°, and 60°, and E, and E|, are the measurements in the original
cartesian coordinates. In this way, it is possible to compare the polarisation of horizontal electric fields, for
example, from one sprite-producing lightning stroke (Figure 3c). The rotated horizontal electric fields, originally
measured in three different coordinate systems, are predominantly linearly polarized. The major axes of the
narrow polarisation ellipses are aligned within a few degrees of the expected arrival azimuth that is calculated
from the location of the lightning stroke reported by Earth Networks Total Lightning Network (ENTLN). The
polarisation axis is aligned with the induced surface current caused by the skin-effect such that the incident
horizontal electric field perpendicular to the direction of travel in vacuum appears to be rotated by 90°. The
inferred arrival azimuths exhibit an uncertainty of ~# 6° which is attributed to conductivity inhomogeneities
inside the Earth (Wait, 1990) which can channel the surface current into a preferential direction. Given this
relatively large uncertainty, horizontal electric fields cannot be used for direction finding, similar to horizontal
magnetic fields, both of which have been abandoned for use in lightning location in favor of arrival time dif-
ference analyses. A more rigorous analysis extracts 5705 lightning strokes from the recordings for a statistical
analysis of the timing uncertainties. In this case, the horizontal electric fields of each individual stroke are rotated
into geographic coordinates, the complex trace is calculated for the north/south and east/west directions and the
envelope Ea of these two component measurements is calculated from

EN' (EN ||(E
E, E, E,
where the multiplication with the conjugate vector transposition ” results in a real valued vector norm on the right
hand side. The time differences between all 3 possible pairs of envelopes of the three cartesian coordinate systems

[V/m], 3)

results 17115 = 35705 time differences which are summarized in one pdf (Figure 3d). The pdf is a double
exponential with a timing uncertainty —0.4 + 2.0 ns. This timing uncertainty is smaller than the timing uncertainty
of the six individual electric field measurements (Figure 3b). This small reduction of the standard deviation is
attributed to the two component electric field measurements which are combined by the vector norm to calculate
one time difference.

In summary, both measurements of naturally occurring horizontal electric fields with dipole antennas which are
either aligned in parallel, or rotated with respect to each other, exhibit timing uncertainties ~2—5 ns. These
observed timing uncertainties are consistent with the timing uncertainties of the signal conditioning unit measured
in the laboratory and they are in line with the accuracy of the GNSS clocks used. It is therefore concluded that
horizontal electric field measurements offer an attractive novel alternative to measure time differences of elec-
tromagnetic fields from lightning strokes. In particular, this enables simultaneous measurements of all six
electromagnetic field components of sprite-producing lightning as described in the following section.

4. Electric and Magnetic Field Measurements

The first simultaneous measurements of six electromagnetic field components E,, E,, E,, H,, H,, and H, from
a sprite-producing lightning stroke are shown in Figure 4. The positive lightning stroke at 0 ms is followed by a
~100 ms long enhancement of the horizontal electric and magnetic field components, which are attributed to
consecutive in-cloud lightning leaders (e.g., Johnson & Inan, 2000; Lapierre et al., 2017; Marshall et al., 2007,
Ohkubo et al., 2005, and references therein). The polarity of the vertical electric field is negative, which corre-
sponds to a positive lightning discharge in line with atmospheric electric field convention. The induction coils
originally measure the magnetic flux densities B which are converted to magnetic field strengths H by division
with the magnetic field constant p,. The electric and magnetic fields are both bandpass filtered in the frequency
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Figure 4. Electric and magnetic field measurements of all six electromagnetic field components Ey, E,, E., H,, H,, and H.. The large signal at 0 ms is from a sprite-

producing lightning. The subsequent enhancement for 100 ms is attributed to consecutive in-cloud lightning strokes.

range from 200 Hz to 50 kHz. The high pass filter is to reduce the impact of power line harmonic radiation and the
low pass filter is to match the upper limit of the magnetic field sensors. The horizontal electric fields and the
vertical magnetic field are about one order of magnitude smaller than the vertical electric field and the horizontal
magnetic fields. It is interesting to note that the signal-to-noise ratio of the vertical electric field of the positive
lightning stroke appears to be largest which is attributed to the relatively small contribution of the consecutive in-
cloud lightning leaders dominated by more horizontal current flow. The polarisation of the measurements is most
apparent from a stroke that occurs at ~90 ms in the electric north/south component E, which is paralleled by a
similar stroke in the magnetic east/west component H,. The inhomogeneous conductivity inside the Earth results
in a corresponding signal in the magnetic vertical component /. In summary, the measured electric and magnetic
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field components are broadly consistent and coupled with each other. This coupling is quantified in more detail
with a transfer matrix as described in the following section.

4.1. Coupling of Electric and Magnetic Fields

Two different types of electromagnetic coupling are investigated. The first method relates the measured electric
fields with a transfer matrix to the measured magnetic fields. The second method uses the vector product of the
electric and magnetic fields to calculate the energy flux perpendicular to the electric and magnetic fields, similar
to the Poynting vector.

The first method operates in the spectral domain to calculate a frequency dependent transfer matrix Z that de-
scribes the coupling of the electric field vector E with the magnetic field vector H. This transfer matrix describes
the effectiveness of lightning current to produce coupled electric and magnetic fields measured at remote dis-
tances on the surface of the Earth. The transfer matrix has the physical unit of conductivity which is measured in
Siemens. The transfer matrix is reminiscent of the admittance that is used in electronic circuits to characterize the
ease of current flow. At each frequency, the complex spectral coefficients of the electric and magnetic field
vectors are coupled to each other by

H=Z'E [A/m], “)

where the transfer matrix Z is unknown and remains to be determined. This equation can be solved by applying the
complex transpose on both sides

E'Z=H" [A/m] Q)

to produce an overdetermined complex linear system of equations when multiple realizations of the same spectral
coefficients are used. It is illuminating to formulate Equation 5 more specifically in cartesian coordinates for n
realizations that are enumerated with indices varying from 1, 2, ...n such that

Exl * Ey. : EZ| : Zx_x Xy Xz X1 : H}’| : HZ[ :
:2 }‘2 ZZ ZyX Zyy Z}’Z = . ‘2 2 [A/m] ’ (6)
Xn : Eyn : EZn : sz Zz),. ZZZ HXn " H Yn : Hzn :

ET H"

where * denotes complex conjugation and each indexed row of the matrices l::“T and H T represents one realisation
of spectral coefficients at a given frequency in cartesian coordinates. This overdetermined complex linear system

of equations can be solved with the complex Gaussian minimization of least squares. In this case, Equation 6 is
multiplied with the matrix E on both sides

[z
lle}

"Z=EH" [W/m?], Q

-1
where E éT and EH T are 3 x 3 matrices. Multiplication with the inverse matrix (é ET] on both sides then

results in the transfer matrix

_1
2-(ee] e ®
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Figure 5. Coupling of electric and magnetic field measurements. (a) The nine elements of the transfer matrices at 10 kHz
exhibit some scatter (colored dots) with apparent mean values (black dots). (b) The horizontal magnetic field of a sprite-
producing lightning exhibits a return stroke at 0 ms followed by consecutive in-cloud strokes for ~100 ms (black line). The
horizontal magnetic field can be calculated from the measured electric fields by use of the average transfer matrix (red line).
(c) The horizontal components of the cross product S = E X H are used to calculate arrival azimuths of the electromagnetic
waves of lightning strokes (black dots) and sprite-producing lightning strokes (red circles) with peak energy fluxes ranging from
~10-1,000 uW/m?. (d) The pdf of the differences between the measured arrival azimuths and those calculated from known
lightning locations (circles) compares well to a normal distribution (solid line) with a mean and standard deviation of

—8.0° £ 2.2°). The arrival azimuth differences for sprite-producing lightning strokes are slightly smaller (red dots).

which carries the physical unit Siemens. It is expected that the mean values and scatter of the elements of the
transfer matrix are frequency dependent. To illustrate this method with one example, spectra of all six electro-
magnetic field components are calculated every ms for 4 min (240 s) which results in complex spectral co-
efficients with a frequency resolution of 1 kHz to calculate transfer matrices using Equation 8. The nine complex
elements of the transfer matrices are subsequently averaged over 1 s to reduce the influence from more intense
lightning discharges. The coupling between the electric and magnetic fields is then described by 240 separate
transfer matrices at each frequency. For example, the nine elements of the 240 transfer matrices at 10 kHz exhibit
some scatter in their real and imaginary parts (Figure 5a, colored dots). The elements of the transfer matrix are
therefore better defined when averaged over 240 s to reduce the scatter of the real and imaginary parts (Figure 5Sa,
black dots). It is concluded that the measured electric and magnetic fields are well coupled with each other
through the transfer matrix. This observation implies that Equation 4 can be used to calculate, or predict, magnetic
fields from measured electric fields once the transfer matrix has been calculated. This hypothesis is tested for the
transfer matrix at 10 kHz by calculating the horizontal magnetic field from the measured electric fields. The
agreement between the predicted and measured magnetic field is excellent in this case (Figure 5b). However, the
physical reasons for the scatter of the transfer matrix remain to be explored. Besides the signal to noise ratio of the
source field, the transfer matrix can depend on the direction to a source due to a local anisotropy of the ground
conductivity, similar to the uncertainty of direction finding discussed in Section 3.
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The second method to investigate the coupling between electric and magnetic field measurements is to calculate
the vector product of the electric and magnetic fields to calculate the energy flux perpendicular to the electric and
magnetic fields. This method is reminiscent of the calculation of the Poynting vector in free space, that is vacuum,
which is not exactly the case for electromagnetic measurements at the surface of the conducting Earth discussed
here. The cross product of the electric field with the magnetic field is given by

S=ExH [W/m’| )

which can be calculated from each time step of the recordings. The two horizontal components of the vector
product are used to calculate the peak energy flux and arrival azimuth of electromagnetic waves of lightning
discharges (Figure 5c). The peak energy flux emanating from lightning strokes ranges between ~0.1-1,000
pW/m?. During the time of the recordings, nine Transient Luminous Events (TLEs) were recorded with a
Watec 910Hx camera equipped with a 8.0 mm /1.4 C-mount lens and operated at 25 frames per second. The
camera recorded eight sprites and one halo during the ~1.5 hr long recordings of the sky above a thun-
derstorm ~400-430 km to the north-east of the camera. The occurrence times and locations of sprite-
producing lightning strokes are identified from those positive lightning discharges reported by ENTLN
that fall into the field of view of the camera and occur closest to the detection times by the video camera. The
energy fluxes from the sprite-producing lightning are amongst the largest observed energy fluxes that range
from ~10-1,000 pW/m? (Figure 5c).

The arrival azimuths calculated from the horizontal components of the vector product between the electric and
magnetic fields are 55.1° + 2.2° when measured in the direction of the source, clockwise from geographic north.
Note that the cross product points away from the source which adds 180° to the arrival azimuth. The lightning
strokes with arrival azimuths pointing to the north-west and south-east are attributed to other thunderstorms
(Figure Sc¢). It is interesting to determine the uncertainty of the arrival azimuths by calculating the difference
between the observed arrival azimuth and the expected arrival azimuth calculated from the lightning locations
reported by ENTLN. During the ~1.5 hr long recordings, 6,980 lightning strokes coinciding with lightning re-
ported by ENTLN are extracted to calculate the differences between the expected and measured arrival azimuths
which are then summarized in a probability density function (pdf) (Figure 5d, black circles). This observed
distribution of arrival azimuth differences compares well to a normal distribution with a mean and standard
deviation —8.0° £ 2.2° (Figure 5d, black line). The mean is attributed to influences from the inhomogeneous
conductivities of the ionosphere and the Earth, whereas the standard deviation is primarily attributed to the signal-
to-noise ratio of the electromagnetic waves emitted by lightning strokes. The arrival azimuth differences for the
TLEs exhibit a smaller mean and standard deviation —6.9° + 0.7° (Figure 5d, red dots) which is attributed to the
rotational dependence of arrival azimuth differences, probably as a result of the ionospheric conductivity tensor
produced by the geomagnetic field.

In summary, the measured electric and magnetic fields are consistent with each other as quantified in detail with a
transfer matrix and the vector product between electric and magnetic fields. The transfer matrix enables the
calculation of magnetic fields by using the measured electric fields. The vector product enables the calculation of
energy fluxes and arrival azimuths. Both methods offer results that strongly underpin the coupling between
electric and magnetic fields. It is therefore concluded that measurements of horizontal electric fields at the surface
of the Earth can be used for remote sensing of lightning which might offer advantages in certain applications that
are discussed in the next section.

5. Summary and Conclusions

To the best of our knowledge, this contribution reports for the very first time that all six components of lightning
electromagnetic fields are measured simultaneously at low frequencies from ~100 Hz to ~500 kHz.

The main novel contribution is a rigorous assessment of horizontal electric field measurements with emphasis on
time of arrival differences which are found to be on the order of a few ns. The significance of this work lies in the
use of horizontal electric fields for the quickly developing field of interferometry with arrays of low frequency
radio receivers. For example, the Africa2ZMoon collaboration between South Africa and China aims to deploy an
array of four low frequency radio receivers on the far side of the moon to survey astronomical objects at fre-
quencies <10 MHz. This is not possible with Earth based astronomical interferometers, as a result of the
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intervening ionosphere extending from ~50-1,000 km height. With this application in mind, the deployment of
interferometric arrays to measure horizontal electric fields in harsh environments can be used as a pathfinder
mission with the aim to identify critical technical requirements.

The measurement of horizontal electric fields has a number of advantages. Compared to vertical electric field
components, the polarisation can be used to measure approximate directions to the source (Figure 3c). Compared
to magnetic field measurements with coils, the signal conditioning unit and cables are rather cost-effective which
enables to scale arrays to large sizes. The length of the cables can be adjusted to meet the sensitivity requirements
of particular applications. The installation of cables does not need mechanical support structures and it is therefore
beneficial for efficient rapid deployments.

The first simultaneous measurement of the electromagnetic waves from sprite-producing lightning in all six
electromagnetic field components is reported here. Real world experiments with horizontal dipole antennas that
are aligned in parallel or aligned with cartesian coordinate systems that are rotated with respect to each other both
show that the timing uncertainties of lightning strokes are a few ns. This uncertainty is attributed to the accuracy
of the GNSS clocks used and it is much larger than the fundamental limit of the timing uncertainty ~1-5 ps of the
equipment and software used. The coupling between the electric and magnetic fields is exemplarily quantified by
a transfer matrix and the cross product between the electric and magnetic fields. The coupling enables a calcu-
lation of (a) the expected magnetic fields from the measured electric fields, (b) the energy flux from sprite-
producing lightning ~10-1,000 pW/m?, (c) the arrival azimuths of electromagnetic waves from lightning,
and (d) the differences between the measured and expected arrival azimuths —8.0° + 2.2°. Overall, it is
concluded that horizontal electric field measurements are a useful measurement with several benefits, including
the ease of deployment in harsh environments, cost-effectiveness and scalability, e.g. for polarisation measure-
ments in very large low frequency arrays.
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