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Abstract The Earth’s natural electromagnetic environment is disturbed by anthropogenic
electromagnetic noise. Here we report the first results from an electromagnetic noise survey of the
sky. The locations of electromagnetic noise sources are mapped on the hemisphere above a distributed
array of wideband receivers that operate in a small aperture configuration. It is found that the noise
sources can be localized at elevation angles up to ∼60∘ in the sky, well above the horizon. The sky also
exhibits zones with little or no noise that are found toward the local zenith and the southwest of the array.
These results are obtained by a rigorous analysis of the residuals from the classic dispersion relation for
electromagnetic waves using an array analysis of electric field measurements in the frequency range
from ∼20 to 250 kHz. The observed locations of the noise sources enable detailed observations of
ionospheric modification, for example, caused by particle precipitation and lightning discharges, while
the observed exclusion zones enable the detection of weak natural electromagnetic emissions, for
example, from streamers in transient luminous events above thunderclouds.

1. Introduction

The Earth’s natural electromagnetic environment from ∼1 Hz to ∼300 MHz is dominated by broadband
pulse sequences emanating from lightning discharges [e.g., Füllekrug and Fraser-Smith, 2011; Fraser-Smith
and Bowen, 1992; Lanzerotti et al., 1990, 1989]. The observation of weaker natural electromagnetic signals
is increasingly confined to remote areas [Fraser-Smith et al., 1992] because these signals are superimposed
on disturbing electromagnetic noise sources from man made communication transmitters operating in rel-
atively narrow frequency bands ranging from ∼100 Hz around ∼20 kHz to ∼10 kHz near ∼250 kHz, i.e., with
a typical bandwidth of ∼10 % of the carrier frequency. The locations of these electromagnetic noise sources
are closely monitored and mapped around the world by the use of sensitive electromagnetic recordings
on board of satellites. For example, the electromagnetic radiation from transmitters for submarine commu-
nication [Sauvaud et al., 2008] and marine navigation [Füllekrug et al., 2011, 2009] escapes from the Earth
ionosphere waveguide into near-Earth space in the Whistler mode [e.g., Lefeuvre et al., 2013; Helliwell, 1965].
These low-frequency radio communication transmitters are widely used for geophysical exploration, for
example, to study particle precipitation from the radiation belts into the Earth’s atmosphere and the impact of
lightning discharges on the upper atmosphere [e.g., Denton et al., 2014; Haldoupis et al., 2013, 2012; Sauvaud
et al., 2008; Inan et al., 2007; Horne et al., 2005, and references therein].

However, global maps of electromagnetic noise sources do not provide any information on how electro-
magnetic noise sources would be perceived at a given location which is relevant for living beings on planet
Earth. Answering this important question is a responsibility which falls squarely into the area of geophysi-
cal research in order to constraint speculation. For example, it was recently reported that European robins,
Erithacus rubecula, have a receptor for anthropogenic electromagnetic noise that inhibits natural migratory
behavior [Engels et al., 2014], i.e., well below the action limit for maximum permissible exposure [e.g., IEEE
International Committee on Electromagnetic Safety (SCC39), 2010, 2005, Figure 4]. This conclusion was demon-
strated by the efficiency of a Faraday cage to restore natural migratory behavior. These observations thereby
lend to the question what the spatial distribution of anthropogenic electromagnetic noise at a given location
actually is.

Another geophysical application for mapping electromagnetic noise sources in the sky is to identify areas with
little or no electromagnetic noise to facilitate the detection and location of the weak natural electromagnetic
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emissions emanating from the growth and branching of streamers in sprite discharges above thunderclouds
[Füllekrug et al., 2013] that have been predicted based on a theoretical analysis of transient luminous events
[Qin et al., 2012; Pasko, 2010]. Yet it was only recently suggested to investigate the context of these challenging
observations with a novel analysis that uses a small aperture array [Füllekrug et al., 2014]. The small aperture
array determines the wave number vector (length and direction) of distant electromagnetic radiation sources,
while a lightning detection network aims to determine lightning source locations inside, or in the proximity
of, the network [e.g., Lyu et al., 2014; Wu et al., 2014; Stock et al., 2014; Rakov, 2013; Bitzer et al., 2013; Mezentsev
and Füllekrug, 2013, and references therein]. This contribution extends our initial work on small aperture arrays
to establish a reference map for anthropogenic electromagnetic noise sources in the sky that can assist the
detection and location of relatively weak natural electromagnetic signals above thunderclouds.

2. Theory

The local electromagnetic field E(t) of a distant electromagnetic noise source sweeps as a plane wave
exp−i(krn−𝜔t) across an array of n = 1, 2,… ,N wideband receivers such that the measurements

y(rn, t) = E(t)e−i(krn−𝜔t), (1)

depend on the n’th receiver location rn and time t. In this description, the wave number vector k is related
to the frequency 𝜔 through the dispersion relation k = s𝜔, where s is the slowness of the electromagnetic
wave during the propagation across the array. The plane wave description corresponds effectively to a transfer
function between the electromagnetic source field E and the measurements y. This ansatz results in unique
solutions for the wave number vector and the electromagnetic source field if the wave number k<kF , where
kF = 2𝜋∕(2dmax) is the fundamental wave number inferred from the maximum distance dmax between two
receivers in the array. For larger wave numbers, phase ambiguities can occur such that no unique solution
can be determined without a modification of the ansatz in equation (1). Larger wave numbers correspond
to larger frequencies with k = 𝜔∕c, where c is the speed of light, such that the certainty relation k < kF can
be reformulated for the frequency of the electromagnetic wave f < c∕(2dmax). For example, an array with a
maximum distance of 1200 m between two receivers allows for an array analysis with a maximum frequency
of 125 kHz without phase ambiguities. Similarly, for a target frequency of 250 kHz, the maximum distance
between two receivers in the array should not exceed 600 m.

This contribution aims to determine a sky map of electromagnetic noise sources from∼20 to 250 kHz with the
small aperture array at Charmy Down near Bath in southwest England that has a maximum distance∼1261.4 m
between two receivers [Füllekrug et al., 2014; Mezentsev and Füllekrug, 2013]. It is therefore necessary to
multiply equation (1) with a reference plane wave ei(k0rn−𝜔t) to avoid phase ambiguities

yc(rn, t) = Ee−i(k−k0)rn . (2)

The multiplication of the measurements with the reference plane wave results in a complex time series
yc = yei(k0rn−𝜔t) with a phase that is always referenced to the start time of the recordings after application of a
low-pass filter. The spatial phase progression eik0rn across the network ensures that the phase of the complex
time series is also referenced to the maximum of the array aperture

T(Δk, rn) =
1
N

N∑
n=1

e−iΔkrn , (3)

where Δk = k − k0. This array aperture T is the response of the array to an electromagnetic wave arriving
from the local zenith, where each summand is a basis function of the corresponding sparse spatial Fourier
transform. The array aperture describes how well the array focuses a collimated electromagnetic wave onto
the wave number domain and whether any ambiguities can occur during the interpretation. The multiplica-
tion of the original array aperture with the spatial phase progression effectively translates the maximum of
the array aperture toward the position of the reference plane wave and thereby avoids any phase ambigui-
ties (Figure 1, left). For example, it is possible to use the reference wave number vector k0 =k0(cosΦ, sinΦ)T ,
where Φ is the arrival angle calculated from a wave propagation along the great circle path from the source
to the receiver, if the location of the source is known. If the location of the source is not known, it is possible
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Figure 1. The array aperture. (left) The region of interest for the analysis (white solid circle) lies outside the fundamental
wave number kF (white dashed circle). The translation of the array aperture by the reference wave number vector k0
(arrow) ensures that the certainty relation k<kF (black dashed circle) applies to the region of interest such that no phase
ambiguities occur. The Nyquist wave number kN (black solid circle) defines the maximum possible area for the array
analysis. (right) The phase of the aperture varies smoothly for wave numbers within the region where the certainty
relation k<kF applies (white dashed circle).

to apply the Progressive Multiple Channel Correlation (PMCC) method [Cansi, 1995] or to vary Φ and k0 until a
solution without phase ambiguities is found. The translation of the array aperture has the added benefit that
the phase of the aperture varies smoothly for wave numbers within the region where the certainty relation
k<kF applies (Figure 1, right). Finally, equation (2) is formulated for the phase such that

(x1,n, x2,n, 1)
⎛⎜⎜⎝
Δk1

Δk2

𝜙

⎞⎟⎟⎠ = 𝜑n + 𝛿𝜑n ∧ n = 1, 2,…N = 10, (4)

where x1,n and x2,n are the n’th receiver location coordinates in the east and north directions, 𝜙 is the phase
of the electromagnetic source field, and 𝜑n is the observed phase of the referenced complex time series.
Equation (4) is solved with the Gaussian method of least squares to minimize the phase residuals 𝛿𝜑n such
that the resulting wave number vectors are finally calculated from k=Δk + k0.

3. Mapping Electromagnetic Noise Sources

To map electromagnetic noise sources in the sky, we make use of recordings with an array of 10 wideband
receivers that are distributed over an area of ∼1×1 km on Charmy Down airfield near Bath in the UK [Füllekrug
et al., 2014; Mezentsev and Füllekrug, 2013]. Here we make use of 48 electromagnetic noise sources for the
analysis which is divided into two parts (Tables S1 and S2 in the supporting information). The first part uses
the center frequencies and geographic coordinates of 26 (54%) noise sources. The second part uses only the
center frequencies of the other 22 (46%) noise sources. The mapping of these noise sources requires a deter-
mination of their locations onto the hemisphere above the array by use of the inferred wave number vectors
which vary with time. As a result, the wave number vectors for each sample are integrated over time such
that a bivariate distribution function in the wave number plane k1 × k2 develops for each individual electro-
magnetic noise source. These bivariate distributions tend to exhibit an elliptical scatter pattern (Figure 2, left).
The bivariate character of the distribution function enables a determination of the two standard deviations
in the directions of the major and minor axes of the distribution by use of the covariance matrix. The covari-
ance matrix C is composed of the expectation values for the autocovariance and cross covariance, and it can
be decomposed into the variances along the major and minor axes by an eigenvalue analysis

C =
(
< k1, k1 > < k1, k2 >

< k2, k1 > < k2, k2 >

)
= R𝝀RT . (5)

The major and minor axes of the scatter ellipse are given by the first and second column of the rotation matrix
R such that the orientation of the major axis with respect to the east direction is given by𝜙e =arctan(r2,1∕r1,1).
The standard deviations along the major and minor axes (max and min) are calculated from the diagonal
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Figure 2. Certainty of wave numbers. (left) Example of a bivariate distribution function of the observed wave numbers
from a typical electromagnetic noise source. The center (white dot) is the most likely, or median, wave number. The
standard deviations along the major and minor axes of the scatter ellipse (solid line) include ∼68.2% of the observed
wave numbers. The 2𝜎 contour (dashed line) includes ∼95.4% of all wave numbers. (right) The dispersion relation for 48
electromagnetic noise sources (dots) exhibits significant deviations from the classic dispersion relation with a slowness
corresponding to the speed of light (line). Each electromagnetic noise source is assigned to a color code depending on
its frequency (color bar).

elements of the eigenvalue matrix𝝀by using𝜎max =
√
𝜆max and𝜎min =

√
𝜆min. The position of the wave number

vector is then given by the most likely, or median, position with an uncertainty determined by the geometric
mean of the standard deviations along the major and minor axis 𝜎 =

√
𝜎max𝜎min. The median positions of

48 electromagnetic noise sources and their uncertainties can be compared to the classic dispersion relation
kc = s𝜔 with the slowness s = 1∕c corresponding to the speed of light (Figure 2, right). It is evident that
significant deviations from the classic dispersion relation occur. These residuals are attributed to the physical
properties of each individual electromagnetic noise source, i.e., the superposition of the transverse electric
and transverse magnetic electromagnetic wave propagation modes (TEn∕TMn), and possibly an influence of
the Earth’s geomagnetic field [Barr et al., 2000]. Each electromagnetic noise source is assigned to a color code
on a logarithmic frequency scale to reflect the energy of the radiation, i.e., reddish colors are allocated to small
frequencies with low energies, whereas bluish colors are allocated to large frequencies with high energies.

The median positions of the 48 electromagnetic noise sources exhibit a distinct distribution in the plane of
normalized wave numbers (Figure 3, left). Most of the noise sources are located within the unit circle, which
is indicative of electromagnetic waves arriving from an elevation angle at the array. Some electromagnetic
noise sources are located outside of the unit circle which indicates that the electromagnetic waves from these
sources have propagation speeds smaller than the speed of light. All of these electromagnetic noise sources
lie within a circle with a radius k∕k0 <1.25 which places a lower limit on the electromagnetic wave propaga-
tion speed for waves from ∼20 to 250 kHz. This lower limit defines a horizon for mapping electromagnetic
noise sources in the sky. The elevation angle of a noise source above the horizon is given by Θ=arccos(k∕km),
where km is the limiting wave number, i.e., the largest wave number with the smallest electromagnetic wave
propagation speed in the medium near the array. This step finally enables a mapping of the locations of elec-
tromagnetic noise sources on the hemisphere above the array. Each pixel of the wave number plane is mapped
to the corresponding spherical coordinates êr =(cosΘ cosΦ, cosΘ sinΦ, sinΘ)T , where Φ is the arrival angle
of the electromagnetic wave measured with respect to the geographic east and Θ is the elevation angle
measured from the horizon toward the electromagnetic noise source.

The resulting map of electromagnetic noise sources in the sky exhibits a distinct distribution with well-defined
areas of electromagnetic noise and areas without electromagnetic noise (Figure 3, right). The total area cov-
ered by the electromagnetic noise sources is only a small fraction of the total. Many electromagnetic noise
sources are found toward the northwest, north, east, and southeast directions. The area toward the southwest
with almost no electromagnetic noise sources corresponds to the Atlantic Ocean with little anthropogenic
activity. Another area without electromagnetic noise sources is found toward the local zenith above the array
because the electromagnetic noise sources are located at elevation angles that range from 0∘ up to∼60∘. The
observed exclusion zones thereby offer novel windows of opportunities toward the search for yet unknown
electromagnetic sources in the sky.
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Figure 3. Mapping of electromagnetic noise sources. (left) The median positions of 48 electromagnetic noise sources
exhibit a distinct distribution in the plane of normalized wave numbers. Many noise sources lie within the unit circle
(dashed line) which corresponds to the classic dispersion relation. All noise sources lie within the circle k∕k0 =1.25 (solid
line) that defines a horizon for the noise sources. The positions of the noise sources are independent of their frequency
indicated by the color code. (right) The electromagnetic noise sources are mapped on a hemisphere above the array.
The map exhibits a distinct distribution with well-defined areas of electromagnetic noise and areas without
electromagnetic noise. Many noise sources occur at large elevation angles up to ∼60∘ .

4. Discussion

The locations of electromagnetic noise sources are determined here from the most likely, or median, positions
of bivariate distribution functions in the wave number plane. As a result, the uncertainties of the positions
are not taken into account for the mapping of noise sources in the sky. The rationale behind this approach
is that the physical origin of the observed uncertainties is not yet well understood. For example, the uncer-
tainties might result from a superposition of different apparent locations of electromagnetic noise sources
in the sky. Another possibility is that the observed uncertainties reflect random fluctuations around the true
source location. It is possible to assess the uncertainty of the source location in a first order approximation for
electromagnetic waves which arrive almost from the horizon and travel during the time t across the baseline
b=dmax of the array such that the phase of the wave is determined by kb=𝜔t. In this case, the experimental
timing accuracy results in an uncertainty of the wave number

d
dt

k = 𝜔

b
→ 𝛿k = k0

c
b
𝛿t. (6)

For example, the Charmy Down network has a baseline of b ≈ 1.2 km and a clock jitter 𝛿t ≈ 20ns [Füllekrug
et al., 2014] such that 𝛿k∕k0 ≈ 5 ⋅ 10−3. This result strongly suggests that the observed wave number uncer-
tainties are most likely of natural origin (Figure 2, left). From a theoretical point of view, the uncertainty of
the wave number is determined by the geometry of the experiment k = k0 cos(h∕d), where h is the height
of the electromagnetic noise source above the ground and d is the horizontal distance between the array
and the footprint of the noise source on the ground. For small elevation angles Θ ≈ h∕d, the cosine can be
expanded to cos(h∕d) = 1 − 1

2
(h∕d)2 such that

d
dh

k = −k0
h

d2
→ 𝛿k = −k0

h
d2

𝛿h. (7)

Substituting equation (6) into equation (7) and solving for the height uncertainty 𝛿h finally result in

𝛿h = − c
b

d2

h
𝛿t. (8)

For example, the height uncertainty is ∼10 km for the baseline of the Charmy Down network ∼1.2 km and a
sprite at ∼60 km height which is ∼400 km away. Similarly, the height uncertainty is ∼1 km for a baseline of
∼12 km during typical field work for sprite research [Mezentsev and Füllekrug, 2013]. This analysis of the height
uncertainty for typical network geometries shows that small aperture arrays have the capability to be used
for the benefit of sprite research.
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5. Summary

Fourty-eight electromagnetic noise sources of anthropogenic origin were successfully mapped in the sky
above an array of wideband receivers operating in a small aperture configuration. The spatial distribution of
the electromagnetic noise sources shows the absence of anthropogenic noise sources toward the southwest
and local zenith, i.e., the Atlantic Ocean and space. These exclusion zones offer novel windows of opportuni-
ties toward the search for natural electromagnetic signal sources in the sky such as the weak electromagnetic
emissions from streamers in transient luminous events above thunderclouds.
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