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Abstract Q-bursts are globally detectable extremely low frequency (ELF, 3–3000Hz) band wave packets
produced by intense lightning discharges. Q-bursts recorded in the Széchenyi István Geophysical Observatory
(NCK, 16.7°E, 47.6°N), Hungary, on 1 and 2 August 2012 have been analyzed to find azimuths of their sources.
The location of parent lightning strokes of 320 and 205 Q-bursts on the 2days, respectively, have been identified
in the records of the World Wide Lightning Location Network (WWLLN) using the detection times at NCK. ELF
data-based source azimuths were found to differ systematically from source azimuths obtained from WWLLN
lightning locations. The difference between the corresponding azimuth values depends on the azimuth of the
source. This variation of the source azimuth error mirrors the symmetry of the conductance of the Earth’s crust
inferred from magnetotelluric measurements around NCK. After correction for the azimuthal dependence,
the variation of the residual error shows a diurnal pattern with positive azimuth deviations occurring near
midnight, local time. Füllekrug and Sukhorukov (1999) suggested that the anisotropic conductivity in the Earth’s
crust below the observatory and the different daytime and nighttime conductivities in the lower ionosphere,
respectively, may cause the identified error terms. Our results emphasize the substantial effect of anisotropic
conductivity in the Earth’s crust around the recording station on the accuracy of ELF direction finding. The need
for theoretical approach and more measurements is pointed in understanding the underlying mechanisms
quantitatively and in investigating whether ELF observations can be used in geophysical prospecting.

1. Introduction

This study was inspired by the report of Füllekrug and Sukhorukov [1999]. These authors have compared the
directions of lightning strokes deduced from two independent data sets. On one hand, the directions were
calculated from lightning stroke coordinates provided by regional lightning detection networks and from
the coordinates of given extremely low frequency (ELF, 3–3000Hz) observation sites. Directions obtained this
way were used as reference. On the other hand, source directions were inferred from the orientation of the
polarization plane of the horizontal magnetic component of high-amplitude ELF electromagnetic transients,
i.e., Q-bursts [Ogawa et al., 1966; Nickolaenko et al., 2010] which had been produced by the lightning dis-
charges and were recorded at the considered ELF observation site. The authors found that ELF data-based
source directions differ from the corresponding reference directions. Two main components of the azimuth
differences (or bearing errors) were identified: a term showing diurnal variation and a static term which may
depend on the true source azimuth. The diurnally varying error component was shown to be caused by the
anisotropic conductivity of the lower ionosphere. The horizontal rotation dependency of the other compo-
nent, on the other hand, was attributed to the anisotropic conductivity in the Earth’s crust in the vicinity of
the observation site.

We adopted the method of Füllekrug and Sukhorukov [1999] to study how conductivity variations in the
boundaries of the Earth-ionosphere waveguidemay affect the accuracy of single-site source direction finding
at the ELF recoding site near Nagycenk, Hungary (NCK). The emphasis in this study has been put on the inves-
tigation of the effect due to the varying conductivity in the Earth’s crust. While most models of ELF/VLF signal
propagation consider the Earth as a homogeneous medium that has infinite conductivity [Barr et al., 2000;
Nickolaenko and Hayakawa, 2002], Barr and Helm have showed [Barr and Helm, 1982; Barr, 1987] and
modeled [Barr, 1992] how finite surface conductivities affect the propagation of VLF waves. Wait formulated
methods to incorporate the finite ground connectivity in calculation of the attenuation of VLF [Wait, 1960a]
and ELF [Wait, 1992] waves. Mackay and Fraser-Smith [2011] successfully accommodated Wait’s concept to
evaluate the detection efficiency of a recording station for ELF/VLF sferics propagating over regions of
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different ground conductivities. Recently, Silber et al. [2015] have discussed the possible role of local conduc-
tivity anomalies in detections of unexpectedly high energy in the vertical magnetic component of ELF/VLF
signals coming from distant sources.

The distribution of conductance in the Earth’s crust at and near NCK station, inferred from magnetotelluric
surveying, is characteristically uneven [Nemesi et al., 2000]. This study aims at examining the possible effect
of this local conductivity anomaly on the polarization of ELF waves which is directly used to find the direction
of their source. Compared to the work of Füllekrug and Sukhorukov [1999], lightning strokes occurring all
around the Earth rather than only those relatively near the ELF station were considered. Lightning data used
as ground truth have been provided by the World Wide Lightning Location Network (WWLLN) [Hutchins
et al., 2012].

2. Data Used in the Present Study
2.1. ELF Time Series Recorded at NCK

The ELF recording system at NCK is part of the Széchenyi István Geophysical Observatory [Wesztergom and
Szendrői, 2007; Sátori et al., 2013]. Time series of the east-west and north-south components of the magnetic
field (HEW and HNS, respectively) as well as the vertical component of the electric field (EZ) are recorded quasi-
continuously in ~ 20 s data blocks separated by data gaps of a few milliseconds. The vertical electric compo-
nent of the atmospheric electromagnetic field is measured with a capacitive ball antenna. Two induction coils
carefully aligned to the geographic east-west and north-south directions are applied to detect the variation
of the horizontal magnetic field. Recorded time series have UTC time stamps provided by a GPS clock. The
effective bandwidth of the system is the 5–30Hz frequency range. Regarding the data used in this study,
signals in the three data channels are sampled sequentially at 514.28Hz per channel, so that the sampling
interval is ~ 1.95ms in each time series.

2.2. Lightning Data From WWLLN

The sources of the considered ELF emissions are intense lightning discharges occurring worldwide. A light-
ning detection network was required which has global coverage and provides homogeneous and accurate
information on the occurrences of such lightning strokes so that the available occurrence time and source
coordinates can be used as ground truth data in the present study. WWLLN meets these criteria [Rodger
et al., 2006; Rudlosky and Shea, 2013]. The network achieves global coverage by processing wideband VLF
records quasi-real time from 50 sensors distributed worldwide (http://wwlln.net). WWLLN, as cooperation
of independent institutions, is not standardized in recording bandwidths. The upper border of the bandwidth
of the receivers in the network can be different at different stations. It is 24 kHz inmost cases, but one can find
higher and lower limits, e.g., 48 kHz or 16 kHz, too. The time-of-arrival method is used to calculate the time of
occurrence and the geographical location of the source of the detected signals with microsecond and 10 km
average accuracy, respectively. Wideband data in the time domain are processed centrally. Since the maxi-
mum emitted power of a lightning discharge falls in the VLF band (~10 kHz), higher frequency components
of waveforms, as well as the occurring different receiver bandwidths, have no significant effect on the result.

It must be noted that the WWLLN system is known to have low detection efficiency regarding individual light-
ning flashes when compared to local or regional lightning detection networks operating in the MF/HF range
[Abarca et al., 2010]. This limitation, however, is mostly valid to weak discharges. WWLLN is expected to detect
more efficiently the intense lightning discharges which radiate significantly also in the ELF band and produce
Q-bursts. The magnitude of Q-burst signals detected at large distances from the source scales with the vertical
current moment of the source discharge. Therefore, positive polarity cloud-to-ground strokes are the most
effective sources of ELF transients, because they neutralize charge centers laying generally at greater heights
in the cloud and possess longer vertical discharge channels as well as stronger and longer lasting electric
currents than average negative strokes [Nickolaenko and Hayakawa, 2002, chap. 3.1]. Unfortunately, WWLLN
does not provide information either on the peak current or on the type (CG/IC) of the source, so its event listing
also includes many lightning strokes which cannot be associated with Q-bursts.

2.3. Telluric Conductance Map of West Hungary

Telluric currents appear as a result of electromagnetic waves which penetrate into the Earth’s crust. The
strength of telluric currents depends on the frequency of electromagnetic waves and on the resistivity of
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the underlying crust. The possibility of using telluric currents for geophysical exploration is based on the cor-
rect mathematical-physical description of telluric-magnetotelluric phenomena [Tikhonov, 1950; Cagniard,
1953]. Surveying of the conductivity anomalies in Earth’s crust in large regions of Europe by magnetotelluric
methods in various frequency bands has been started in the second half of the twentieth century
[Rokityansky, 1982, chap. 7].

Research on telluric currents in Hungary began with the construction of measuring instruments, and the first
field experiments started more than a half century ago [Kántás, 1954]. Systematic mapping of Transdanubia,
i.e., the western part of Hungary, was conducted between 1960 and 1994 and was supported by the oil indus-
try. The measurements initially consisted in deep penetration DC soundings, magnetotelluric, and transient
observations [Nagy et al., 2000]. Relative measurements were carried out in a quasi-grid of several thousands
of locations [Ádám and Verő, 1964]. The final map was compiled by translating and merging smaller relative
conductivity maps using about 30 base level values from absolute conductivity measurements [Ádám and
Verő, 1967]. During its evaluation, the telluric map was compared to previously constructed gravity and mag-
netic maps and to geological depth-to-the-basement maps of the pre-Tertiary basement created primarily
from well data and seismic measurements. The validity of the applied methods has been confirmed by later
measurements of vertical conductivity profiles across tectonically important areas in the Transdanubian
region [Nagy et al., 2000].

The map shows effective conductance values. The effective conductance at each measuring point has been
compiled from conductance values measured in two perpendicular horizontal directions. In each direction,
the conductance is obtained from the geometric mean of the apparent E and H polarization resistivities at
the specified period [Nemesi et al., 2000].

The telluric map is equivalent to a map which is derived from uniform 25 s quasi-coherent absolute telluric
data. The conductances were determined at the base stations for the period of 25 s, and those values were
used in the transformation of the relative telluric values. The choice of the period 25 s is supported by the fact
that this period is in the middle of the range 20 to 30 s used in about 90% of stations.

Considering an average resistivity of 10Ωm of the underlying sediments in the Earth’s crust, the penetration
depth of electromagnetic waves, in case of T=25 s period, is 8 km. Taking into account the variation of the
ambient electromagnetic field, conductance values represent the integrated property of the Earth’s crust
down to at most 6–8 km. Layers of higher conductance contribute more to the integral value. In the
Transdanubian region, this telluric conductance map mainly reflects the effects of Tertiary-Quaternary
Cenozoic sediments at depths 2000–3000m. The conductance values are proportional to the thickness of
these sediments. Note, however, that anomalously high conductivity within the underlying pre-Tertiary base-
ment is prevalent in some localized regions. In those cases the deduced conductance values are dominated
by the contribution of deeper rocks (4000–8000m, e.g., Mesozoic carbonates) [Nemesi et al., 2000].

3. Data Selection and Preprocessing
3.1. Finding Q-Bursts

The days 1 and 2 August 2012 were selected for the presented analysis. On these days, the overall noise level
of ELF records at NCK station was generally low, and a lot of lightning strokes were reported by WWLLN
(582501 and 571595 strokes on 1 and on 2 of August, respectively).

Waveforms of Q-bursts occurring on the chosen days in the ELF time series recorded at NCK were looked up
by visual inspection in the first place. The following conditions were checked in order to find Q-bursts: (1)
signal peak(s) of the ELF transient must explicitly stand out from the background signal level and (2) such
high-amplitude signals must occur coherently in the time series of the vertical electric field component
and at least in one of the time series of the recorded magnetic field components (Figure 1). ELF transients
were looked up initially in the EZ data channel where the signal-to-noise ratio (SNR) was the highest. As a rule
of thumb, transients with peak values exceeding approximately 3 times the background noise level were
selected. In at least one of the more noisy magnetic data channels, the peak SNR was above two in all events.
Note that from the complex Q-burst waveforms [Nickolaenko et al., 2010], only the peak corresponding to the
signal arriving the first at the detection site was selected because the SNR is the highest for this peak. After
thorough checking, 712 and 534 peaks were registered on 1 and 2 August, respectively.
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The registered ELF events were processed further to deduce the direction of their source. First of all, the
frequency-dependent amplitude and phase shifts due to the transmission properties of the detection system
needed to be corrected [Yatsevich et al., 2014]. The amplitude and phase response functions of the system at
NCK are not exactly the same for the electric and for the magnetic channels, so the coherency of incoming
signals can be accurately evaluated only after correcting for their effects. In order to find the azimuth of
the sources of the ELF transients, the method based on the evaluation of the horizontal components of
the Poynting vector [Huang et al., 1999; Greenberg and Price, 2004] has been adopted. Using the Poynting
vector in direction finding has more advantages compared to purely magnetic signal-based techniques [e.g.,
Füllekrug and Sukhorukov, 1999]. The SNR is higher, and the 180° uncertainty of source direction is readily
resolved on the great circle path connecting the source and the observer.

The time series of the horizontal components of the Poynting vector were calculated from the system’s response-
corrected time series of the recorded field components as PNS= EZ ·HEW, and PEW= –EZ ·HNS (Figure 1). Then, an
ellipse was fitted [Fitzgibbon et al., 1999] to 11 points of the Poynting vector at its peak, i.e., to the point of max-
imum amplitude and 5-5 additional points before and after it. At the applied sampling rate, these points
belonged exclusively to the considered signal peak and had the largest signal-to-noise ratio. The longer axis of
the fitted ellipse determined the great circle path (GCP) passing through the source and the detection site,
and the direction on this path opposite to the excursion of the peak of the Poynting vector gave the estimate
of the source azimuth.

Out of the set of suspected Q-bursts, 158 (22%) and 101 (19%) events on 1 and 2 of August, respectively, had
to be excluded mostly because the signals saturated one or more of the data channels, and hence, the direc-
tion estimates were biased. A fraction of the excluded events, on the other hand, were discarded because of
inconsistent signal processing results. Despite the average occurrence rate of Q-bursts is only a few per min-
ute [Nickolaenko et al., 2010], simultaneous detection of different Q-bursts happens because of the clusteriza-
tion of lightning strokes [Ondrásková et al., 2008; Yair et al., 2009]. Overlapped ELF transients were easily
identified by their nonregular pattern in the hodogram of the horizontal Poynting vector components.

3.2. Assigning Lightning Strokes to Q-Bursts

Potential parent lightning strokes of the remaining ELF transients were looked up in theWWLLN lightning data-
base considering their location, time of occurrence, and direction at NCK station. During the lookup of the Q-
burst candidates, time points of the selected signal peaks in the EZ channel were noted. The detection time
of a Q-burst at NCK station was approximated by subtracting the average time delay caused by the recording
system’s electronics in the EZ data channel (23ms) from the noted time point. This noted time point was the
point having the largest absolute value in the EZ time series corresponding to the Q-burst. If a lightning stroke
occurred before the detection time of a Q-burst by at most the time ELF signals need to travel half the GCP, it
can be a candidate source discharge of that Q-burst. The average propagation speed of ELFwaveswas assumed
to be 0.8 c where c is the speed of light in vacuum [Chapman et al., 1966]. At this speed, ELF waves need about
83ms to travel half the circumference of the Earth. The time window we used for selecting the candidate
strokes from the WWLLN database, however, was wider than this. In order to safely allow for lower signal pro-
pagation speeds, the start of the time window was set 50ms earlier. The time window, on the other hand, was
extended by 20ms to consider the timing inaccuracy due to the system’s transfer function. As a result, the time
window extended 133ms before and 20ms after the assumed Q-burst detection time.

After that, the azimuth of each selected lightning stroke at NCK was calculated. Azimuths were deduced using
the geographical coordinates of NCK station and those of the lightning strokes. These azimuth values were con-
sidered as true source directions in this study. Although ELF data-based source azimuth values are, in fact,
expected to differ from the true azimuths, the differences are anticipated not to be larger than ±90°. That is,
the Poynting vector in the horizontal plane is supposed to have a component parallel to the GCP at NCK which
points away from its source. Lightning strokes not fulfilling this condition were not further considered.

Finally, the expected detection time of the candidate lightning strokes at NCK station was calculated. The
time it takes for the ELF signals to reach NCK station from each candidate lightning stroke location on
the corresponding GCP was calculated using the assumed average propagation speed of ELF waves. The
expected detection time of each preselected lightning stroke was obtained by adding the calculated propa-
gation time to its occurrence time. Generally, that lightning stroke was associated with a Q-burst for which
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the expected detection time fell the closest to the considered detection time of the Q-burst. If, however, the
expected detection times of more strokes were close both to the Q-burst detection time and to each other
(within ±10ms, i.e., 5 data samples), the stroke corresponding to the smallest ELF azimuth deviation was
selected. By applying this procedure, a source lightning stroke from the WWLLN database could be
associated to 362 and 245 Q-bursts on 1 and 2 of August, respectively.

3.3. Excluding Outlier Values

The counts of Q-bursts having an associated lightning stroke were not very high so additional conditions
were introduced to compile a data set which yields more consistent results in a statistical analysis. First,
the distribution of time differences between the measured and the expected detection times of Q-bursts
was considered. In the majority of the cases this time difference was around +15ms (Figures 2a and 2b).
Only those events were taken further for which the time difference belonged to the main lobe of the distri-
bution of time differences, and the number of detected cases for the given time difference was at least 5. The
assignment of source lightning strokes to the rest of the Q-bursts is not convincing, so these were chosen to
be left out from the presented analysis.

The bulk of azimuth deviations of the accepted events was within the ±40° range (Figure 2c). Those few
events falling outside this range were excluded from the final data set. During the analysis, the considered
events were binned, and the average azimuth deviation was calculated in each bin. Outliers can bias the aver-
age azimuth deviation value severely if the set of considered values is small. Drawing the limits of accepted
bearing deviations at ±40° was found to be a good compromise for including most of the events and getting
rid of more extreme values at the same time.

Figure 1. Raw time series and the corresponding horizontal components of the Poynting vector of a Q-burst recorded at
NCK station between 00:53:39.633 and 00:53:40.120 UTC on 1 August 2012.
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Figure 2. Distribution of the differences between the measured and the expected detection times (see text) of Q-bursts
found on (a) 1 and (b) 2 August 2012. Bars of accepted time differences are filled. Average time differences correspond-
ing to the set of accepted events is 13.2ms and 12.3ms on 1 and 2 August, respectively. (c) Deviation of ELF data-based
source azimuths from the true azimuths (see text) for events having an accepted time differences. Azimuth deviations are
plotted as a function of UTC time of their detection on the actual day.
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In the end, 320 and 205 Q-burst events on 1 and 2 August, respectively, remained in the data set on which the
presented analysis has been carried out. Figure 3 shows the global distribution of the lightning strokes
reported by WWLLN on the considered days. Lightning strokes producing a detected Q-burst at NCK station
are highlighted.

4. Results
4.1. Variation of the Bearing Deviation in Terms of the True Source Azimuth

In order to see whether any variation of the ELF data-based azimuth deviation can be found in terms of the
true source direction, azimuth deviations having similar true source azimuths were collected and averaged in
different periods of each considered day. On both days, 2 h long overlapping time periods were considered.
These time periods were centered at each whole hour from 01:00 to 23:00UTC. Q-bursts occurred inside each
of these periods were further sorted into 40° wide overlapping bins of true source azimuths. These bins were
centered by 20° starting at 0°. The length of the periods and the size of the bins were defined by taking into
account the limited number of events in the available data set. The calculated average azimuth deviations are
shown in Tables 1 and 2 corresponding to 1 and 2 August 2012, respectively.

Average deviations in the azimuth bins were averaged further over all time periods to deduce the general
variation of the ELF data-based azimuth deviations in terms of the source direction. The results are plotted
on Figures 4a and 4b for 1 and 2 August, respectively. Although the azimuth deviations averaged in different
periods of the day scatter significantly in each azimuth bin, the general variation of the azimuth deviation can
be recognized well. On 1 August, the standard deviation (σ) of the direction errors is higher in bins containing
sources to the north and to the south of NCK station. On this day, σ is the lowest for signals coming fromwest.
On 2 August, higher standard deviation can only be found for sources to the north. At the same time, the low-
est σ corresponds to the set of sources falling to the east of NCK. Furthermore, the general running of the
averaged curve is very much similar on both days suggesting that the variation is not occasional.

4.2. Source Direction-Specific Bearing Deviations and Crustal Conductance

Following the reasoning of Füllekrug and Sukhorukov [1999], it can be suspected that the azimuth deviation
varies with the true direction of the source discharge because of the anisotropic conductivity of the Earth’s
crust near the ELF station. Conductance of the area around and below NCK station has been surveyed by
magnetotelluric measurements [Nemesi et al., 2000] taken at 25 s period, i.e., at 0.04 Hz. NCK station is situated
in the northwestern part of Transdanubia where the basement of the Tertiary basin is known from well
samplings and seismic measurements down to depths of 3–4 km. The pre-Tertiary basement is practically

Figure 3. Global distribution of lightning strokes (cross) reported by WWLLN on (a) 1 and (b) 2 August 2012. The view is cen-
tered at NCK station (marked by a star). Concentric rings mark points of equal distances from NCK station. Points along each
ray are in the same azimuth from NCK station. The edge of each plot corresponds to a single point, i.e., the geographical
antipode of NCK station in the Pacific Ocean. Lightning strokes producing a Q-burst which was identified at NCK station are
marked by plus signs. Dashed lines and capital letters denote azimuth sectors where the uncertainty of ELF data-based source
direction finding is higher because of the finite signal-to-noise ratio in the recorded time series (see section 5 for details).
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at the surface to the west-northwest from NCK where lower east-alpine Palaeozoic crystalline rocks can be
seen at Sopron (Figure 5). NCK station is in a local, ~2 km deep basin in the pre-Tertiary basement formed
by the descending but then shortly ascending east-alpine crystalline rocks. Magnetotelluric measurements
yielded anomalously high conductance values in this basin with very steep lowering toward southeast and
especially toward northwest.

This variation of the conductance around NCK has been compared to the variation of azimuth deviations in
terms of the true source azimuth averaged on the two considered days. The result is shown in Figure 5. A cir-
cle on the figure is centered at the location of NCK station. The diameter of this circle is 5 km which is a

Figure 4. Averaged source azimuth deviations for Q-bursts on (a) 1 and (b) 2 August 2012. The displayed points correspond to
values in Tables 1 and 2. Time ranges are in UTC. Solid curves correspond to daily averages. Dashed curves denote the ±σ
standard deviation range around the average. Dotted rectangles border the data in bins which are possibly affected by some
strokes in regions of increased source bearing uncertainty. Capital letters identify the corresponding regions on Figure 3.
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tentative penetration depth of 10Hz electromagnetic waves in the Earth’s crust in this region. The penetra-

tion depth of the signals was calculated by the formula δ≈0:5� ffiffiffiffiffiffiffiffiffiffi
ρ =f

p
, where δ is the penetration depth in

km, ρ is the resistivity of the Earth’s crust, and f is the frequency [Telford et al., 1990, pp. 306–309]. The resis-
tivity was taken to be 1000Ωm which is a safe upper bound for the integral resistivity of the crust in this
region. Crystalline crust generally possesses resistivities greater than this value [Schwarz, 1990]. The penetra-
tion depth was calculated at 10 Hz because the amplitude response of the detection system is the highest at
this frequency.

The pattern of average azimuth deviations apparently agrees well with the symmetry of the conductance var-
iations around NCK.

4.3. Diurnal Variation of the Bearing Deviation

In order to be able to examine whether the variation of azimuth deviations has a diurnal component, bin
averages of the azimuth deviations have been corrected by the direction-dependent component averaged
for both days (the correction is explained in detail in section 4.4). The results are shown in Figure 6.
Although the averages of binned values scatter significantly, a slight diurnal variation of the azimuth devia-
tions can be recognized. Sunrise and sunset happens at around 03:30 UTC and 18:30 UTC, respectively, on the
surface of the Earth at NCK station on 1 and 2 August 2015. In the lower ionosphere, daytime conditions can
be assumed approximately in the 03:00–19:00 UTC period [Sátori et al., 2007]. Averaged remaining azimuth
deviations in time ranges corresponding to ionospheric daytime are around zero. Those azimuth deviation
averages, however, which correspond to time ranges of ionospheric nighttime conditions, if not around zero,
tend to be positive. This means that the average curve of azimuth deviations corrected for the source
direction-dependent error component tends to show a maximum during nighttime. Considering the
standard deviation of the set of values, however, this tendency is not unambiguous at NCK.

Figure 5. Conductance map [Nemesi et al., 2000] near NCK station. The location of NCK station is marked by a small
plus sign. Shaded area on the map shows the appearances of lower east-alpine Palaeozoic crystalline rocks at the
surface near the town of Sopron. The white area without conductance data to north from NCK is part of Lake Fertő
which is covered by reed. Deviations of ELF data-based source directions in terms of the true source azimuth are
represented by arrows. Arrows are drawn by 20° starting at 0°. Arrows pointing inward and outward of the circle
around NCK station correspond to negative and positive azimuth deviations, respectively. The length of the arrows is
proportional to the absolute value of the average deviation. The length of the arrow at 20° azimuth corresponds to
+18.25° azimuth deviation. See text for further details.
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4.4. Remaining Error

The patterns of azimuth deviations appearing consequently in the presented statistical analysis allow examining
the improvement of the ELF data-based source azimuth finding upon correction for the measured variations.
Individual source azimuths from Q-burst analysis were first corrected for the source direction-dependent error
term. Daily averages in each direction bin (Tables 1 and 2) were averaged for the 2days. Interpolation was used
to deduce a correction value for any true source azimuth. Correction values were then subtracted from the
original ELF data-based source direction estimates. The resulting azimuths were then further corrected by the
diurnal variation of the error on the corresponding day using a similar strategy. Füllekrug and Sukhorukov
[1999] showed that the component of azimuth error which depends on the time of the day can vary significantly
fromday to day sowe have not averaged this variation for the 2days. Spline interpolation and extrapolationwas

Figure 6. Daily variation of source direction-dependent error-corrected averaged azimuth deviations. Time ranges are in
UTC. Solid curves correspond to values averaged over all azimuth bins. Dashed curves denote the ±σ standard deviation
range around the average.
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used to calculate the correction terms at true source azimuth values and time points corresponding to the
Q-burst. The results are summarized in Figure 7.

Despite the relatively low number of Q-bursts, correcting by the source direction-specific error term deduced
from the data set dramatically improved the estimation of ELF data-based source direction. The additional

Figure 7. Distribution of deviations of all ELF data-based source azimuth estimations examined on 1 and 2 August 2012 from
theWWLLN records-based true source azimuths at NCK station (a) before and (b and c) after different corrections. The curve of
the fitted normal distribution is plotted in gray. Parameters of the fitted normal distribution are given on each plot.
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correction by the error term which depends on the time of the day has a less explicit effect; nevertheless, the
main lobe of the distribution of remaining azimuth deviations becomes slightly narrower. The center of the
fitted normal distribution got closer to zero, and also, the standard deviation became smaller.

4.5. Distance Dependence of the Remaining Error

ELF data-based source azimuth deviations were further examined to see whether they show any character-
istic behavior in terms of the source-observer distance (SOD) after correction for both the source azimuth-
specific and the daily varying error terms at NCK. Remaining azimuth deviations were sorted into bins of
0.2Mm (=200 km) width according to their SOD. Figure 8 shows the number of averaged events in each
bin as well as the average remaining direction errors.

It can be seen that the majority of considered events occurred within an 11Mm range of NCK station. Inside
this range, the average remaining deviation generally does not exceed 5° in absolute value. The remaining
average error is very close to 0° for events close to NCK station and where the number of averaged events
is relatively high. Larger remaining deviations occur around (6 ÷ 6.5)Mm and for events beyond 11Mmwhere
the number of averaged events is relatively low.

Note that the uncertainty of the true direction is expected to be higher if the source is closer to the observa-
tion station because of the limited localization accuracy of WWLLN. The localization accuracy of WWLLN
depends on the density of the receiving stations in an area [Rodger et al., 2005]. Currently, the localization
accuracy is only a few kilometers in central Europe (wwlln.net). A location error of 5 km can result in ±1.4°
direction ambiguity in a distance of about 200 km. The average localization accuracy of WWLLN is approxi-
mately 10 km which causes a direction ambiguity of ±~0.6° at a source distance of about 1000 km. At greater
distances the corresponding source ambiguity is lower, so this factor does not affect the results of this
analysis significantly.

5. Discussion

It must be noted that only the most pronounced Q-bursts can be identified with the applied selection pro-
cess, which is rather qualitative and subjective. The number of selected Q-bursts is a lower bound for the total
number of Q-bursts which can be identified using more elaborated quantitative and automatic methods
[Hobara et al., 2006, section 10.2.2.].

The peak of the distribution of time differences between themeasured and the expected arrival time of Q-bursts
is not at 0ms but is shifted to+ (10–15)ms (Figures 2a and 2b). Note that the detection time of a Q-burst was
only roughly assigned at the selection stage (see section 3.2), and it is supposed to be closer to the peak of
the pointing vector rather than to the onset time, i.e., when the signals start to rise. Therefore, the detection time
in this data set corresponds approximately to the time when the most energetic part of the ELF wavefront has

Figure 8. Variation of averaged ELF data-based source azimuth deviations corrected for both the source azimuth-specific
and the daily varying error terms at NCK with the source-observer distance.
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passed the detection station. The generally positive time offset of the selected events in the diagrams suggests
that the assumed general speed (0.8 c) of ELF signal propagation is overestimated. The time shift of ELF pulse
propagation speeds in the 5–30Hz frequency range are lower and can be closer to 0.7 c [Chapman et al.,
1966]. Note that delayed arrival of the ELF signals can be explained partly by the difference between the time
of production of the VLF and ELF radiation in the discharge process. While the VLF band radiation is dominantly
produced by the return stroke, the most intense electromagnetic waves in the ELF bandmay originate from the
subsequent continuing current phase of the lightning discharge [Hepburn, 1957;Wait, 1960b; Reising et al., 1996].

It can be seen in Figure 3 that eventually, no Q-burst was involved in the analysis the propagation path of
which have crossed the polar regions. This may be the consequence of the increased attenuation rate of
the ELF signals at high latitudes [Burke and Jones, 1992] but also the thunderstorm activity was not very high
in the corresponding source region over the Pacific Ocean on the examined days.

The small number of Q-bursts with identified source lightning strokes at distances larger than 11Mm (Figure 3
and 8) can be explained by the lack of intense thunderstorm activity close to the antipodal point of NCK station
on the selected days and by the damped signal amplitudes in the 12–18Mm distance range [Nickolaenko et al.,
2008]. Events with relatively small signal amplitudes can be lost in the first stage of applied selection strategy.
Furthermore, possible direction ambiguity in the Poynting vector for events near the antipodal point of the ELF
station [Ogawa and Komatsu, 2007] can also result in dropping an event in the selection procedure.

The uncertainty of the source direction estimation is higher in those directions where the peak amplitude
of the signal in a field component is below the noise level, and hence, its exact value is unknown. The
affected angle range (α) around each direction the magnetic induction coils aligned to depends on the
SNR as α= arcsin (SNR�1) (A. P. Nickolaenko, personal communication). In our work, horizontal components
of the Poynting vector were used for direction finding. Components of the Poynting vector were deduced
by multiplying the vertical electric field by the appropriate magnetic field component at each time point.
The SNR of the resulting time series is thus the product of the SNRs of the used time series. From the
applied selection rules, the SNR in the time series of the Poynting vector components was above 6. This
means that a larger scatter of the ELF data-based direction estimates can be expected for sources in the
|α|< 10° interval around each main geographical axis (Figure 3). The variation of the standard deviation
with the source directions (Figure 4), however, does not mirror this expectation. This is partly because
the selected bin size does not allow resolving this effect. On the other hand, the number of considered
events is the lowest in the northern uncertainty zone (Tables 1 and 2) which contributes to the anomalously
high values of standard deviation in those azimuth ranges.

Another source of direction-dependent static source azimuth error can be an asymmetry in the sensitivity
pattern of either or both induction coils. Neither the design nor the environmental conditions of the antennas
or the symmetry of the resulting error variations support that this factor would have a significant contribution
to the azimuth errors.

Note that a variation of the azimuth deviation similar to those on Figure 4 in terms of the true source azimuth
may occur also because of the improper alignment of the magnetic antennas. In such cases, the range of var-
iation of the direction error corresponds to the deviation of the angle enclosed by the two antennas from 90°.
The offset of the oscillation, on the other hand, corresponds to the negative of the anticlockwise rotation
angle of the whole coordinate system taken from the geographic east-west and north-south direction. This
latter shift in our case is only few degrees, while the range of the variations is 25–30°. Such large range could
appear only due to a rather apparent bias in the alignments of the induction coils. Such biases do not exist at
NCK station, because the magnetic antennas were aligned accurately to the main geographical axes [Sátori
et al., 2013].

The direction-specific error term, therefore, is most probably caused by the anisotropic conductivity in the Earth’s
crust near NCK station. A plausible physical mechanism which causes the observed rotational symmetry in the
azimuth deviations (Figure 5) remains to be found. At present it is also unclear that conductivity structures of
what spatial scale can result in the observed azimuth deviations. The location of NCK station is such that the same
symmetry can be found in a range of either few or few tens of kilometers around the station. If looked on a
shorter scale, large positive azimuth deviations appear in source directions where the gradient of the conduc-
tance in the Earth’s crust is high. If however, viewed on a larger scale, NCK station is located in a region of a
saddle-like conductance variation, and large positive azimuth deviations occur in directions where the second
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derivative of the horizontal variation of the conductance is positive. At even longer scales, Lake Fertő can play a
role. The lake has relatively big open water surface to north from NCK; however, a large part of it is covered by
reed very close to the ELF station (the white region toward the water on Figure 5). The symmetry of the rotational
variation of the constant azimuth error, however, does not mirror that geometry.

The conductivity of the Earth’s crust is known to influence the properties of atmospheric electromagnetic
waves explicitly [Barr, 1987; Mackay and Fraser-Smith, 2011; Aoki et al., 2015]. Depending on their frequency,
electromagnetic waves propagating in the Earth-ionosphere waveguide penetrate into the ground and cause
currents in conductive structures. As a result, secondary electromagnetic fields are developed and added to
the waves in the waveguide [Smith, 1995, 1997]. This effect has been, in fact, widely utilized at higher frequen-
cies by VLF and radio magnetotelluric methods for surveying the conductivity under the Earth’s surface at
depths from few tens to few hundreds of meters [McNeill and Labson, 1991; Bozzo et al., 1994; Bosch and
Müller, 2001; Oskooi and Pedersen, 2005; Pedersen et al., 2009]. Recently, the theory of interpreting spaceborne
electromagnetic field measurements in order to survey conductivity in the ground has been developed. After
careful removal of purely magnetospheric signals from the records, surveying techniques became available
both in the VLF [Leye and Tarits, 2015] and in the ULF [Civet et al., 2015] domains. The technique described
by Civet et al. [2015] enables the investigation of the vertical conductivity profile down to several hundreds
of kilometers. The ELF domain allows making surveys in the depth range of up to few kilometers [Tzanis
and Beamis, 1987]. This possibility has not been widely exploited so far. Additionally, the source azimuth-
dependent effect discussed in this paper suggests that subsurface lateral conductivity variations might also
be studied. It has been recently shown that solid knowledge on the 3-D conductivity structure of the Earth’s
crust is required to properly anticipate the possible electromagnetic effects of strong geomagnetic storms
[Bedrosian and Love, 2015]. The authors, therefore, emphasize the need for a quantitative theoretical
approach and more measurements in order to further confirm the findings presented in this work and to
investigate whether ELF observations can be effectively used in geophysical prospecting.

The range of the average of the daily varying component of azimuth deviations at NCK was 9.8° (from �1.8° to
+8.0°) and 9.2° (from �2.7° to +6.5°) on 1 and 2 of August, respectively. These ranges fairly agree with the ~10°
average range of daily variation found by Füllekrug and Sukhorukov [1999] who studied two other ELF stations
in Germany and in the United States. Note that the daily varying component was always positive at those two
stations. This property was confirmed by theoretical calculations. At NCK station, however, the daily varying error
term of the source azimuth estimation tends to have also negative values. This difference can be explained by a

Table 3. Events of Remaining Azimuth Deviations Greater Than 15° in Absolute Valuea

Date (YYYY.MM.DD) Time (UTC) Distance to NCK (Mm) True Azimuth at NCK Remaining Azimuth Deviation

2012.08.01. 00:55.05.065 10.5 306.9° �15.0°
2012.08.01. 08:05.22.088 4.5 227.5° �17.2°
2012.08.01. 10:22.55.344 2.4 38.1° �15.8°
2012.08.01. 12:19.07.903 16.7 303.1° 15.2°
2012.08.01. 12:30.32.579 5.5 27.1° �16.0°
2012.08.01. 12:59.51.061 0.5 108.8° 17.0°
2012.08.01. 13:16.16.595 1.6 18.2° �30.1°
2012.08.01. 13:43.53.522 17.2 304.5° 15.7°
2012.08.01. 15:08.07.568 1.0 142.2° 16.9°
2012.08.01. 16:42.35.256 7.7 295.7° �20.9°
2012.08.01. 18:06.56.326 4.7 176.2° �23.9°
2012.08.01. 19:19.23.537 4.0 147.0° 17.9°
2012.08.02. 05:04.49.566 9.8 284.5° 31.1°
2012.08.02. 06:21.57.350 6.5 294.3° 29.7°
2012.08.02. 06:42.21.883 4.2 155.4° �16.9°
2012.08.02. 08:51.15.144 6.0 27.8° �19.1°
2012.08.02. 10:08.40.193 2.8 40.6° �19.6°
2012.08.02. 10:27.34.565 10.5 56.4° �17.1°
2012.08.02. 10:41.14.864 7.2 294.3° 16.4°
2012.08.02. 16:41.54.330 10.1 279.7° 26.1°
2012.08.02. 20:05.15.766 4.1 171.6° �19.0°

aRemaining azimuth deviations are corrected for the source azimuth-specific and the daily varying error terms at NCK.
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constant error term incorporated in the daily varying error term of the ELF data-based azimuth estimations. Such
term may be present due to irregular conditions in the lower ionosphere. The source of the effect causing the
observed shift in the diurnal variation of the azimuth deviations at NCK remains to be identified.

In spite of the similarities and the agreement in the range of the variation of the remaining error, the diurnal
variation cannot be unambiguously recognized at NCK station in the examined days. This may happen
because of the actual conditions in the lower ionosphere. The diurnal variation of the remaining error showed
considerable differences in the study of Füllekrug and Sukhorukov [1999], too.

Despite the careful selection of the events, the distribution of azimuth deviations remaining after correcting
for both the source azimuth-specific and the daily varying error terms at NCK (Figure 7c) has relatively long
tails. Events belonging to the tail of the distribution occurred in different times of the day and in various
ranges from NCK station (Table 3). Mostly, these events are responsible for extreme values of the average
remaining azimuth deviation in range bins where the number of events in the considered SOD range is
low (Figure 8). The majority of the remaining azimuth deviations, however, seem to be low all day and at
every SOD (at least below ~11Mm). This suggests that the polarization of the horizontal magnetic filed com-
ponent can be considerably affected also on short time scales. Conditions leading to such transient perturba-
tions are yet to be identified.

Note that the maximum of the envelope of the histogram of azimuth deviations remaining after correcting
for both the source azimuth-specific and the daily varying error terms at NCK (Figure 7c) is shifted by 2–3°
to positive deviations. The reason of this offset can be the inaccuracy of the determination of the varying
error terms in the ELF data-based azimuth estimation or another quasi-constant error term which does not
depend on those factors which affect the daily varying error term. Unfortunately, the number of considered
Q-burst is, in fact, too low to unambiguously answer this question in the framework of this study.

6. Summary and Conclusions

Statistical analysis of the deviation between ELF data-based estimations of the source azimuth of Q-bursts
and the true source azimuths has confirmed that the azimuth deviation is composed of varying terms. The
dominant component of the azimuth deviation at NCK varies with the direction of arrival of ELF signals.
This component reflects the symmetry of conductance variations of the Earth’s crust near the ELF recording
station. This result indicates that not only large-scale conductivity changes like the land-ocean coast line con-
trast noted by Füllekrug and Sukhorukov [1999] but also shorter-scale conductivity variations close to the
detection site in the lower boundary region of the waveguide may affect the local properties of atmospheric
ELF waves.

Another component of the azimuth deviation varies with the time of the day. Slight positive or negative devia-
tion can be noticed in the ELF data-based azimuth estimation when there are nighttime or daytime conditions,
respectively, in the lower ionosphere above NCK ELF monitoring station. Neither the diurnal variation of the
average azimuth deviations nor that of the standard deviation of the direction errors show statistically signifi-
cant differences between daytime and nighttime conditions at NCK on the examined days. Nevertheless, the
range of the diurnal variation observed in this work agrees with that found in an independent study. This range,
however, seems to be shifted to lower values at NCK compared to theoretical values [Füllekrug and Sukhorukov,
1999]. The origin of this shift remains to be identified.

The observed general zero trend in ELF data-based azimuth deviations remaining after correction for both
the source azimuth-specific and the daily varying error terms at NCK for events up to 11Mm SOD in this study
indicates that the findings of Füllekrug and Sukhorukov [1999] are valid also for those ELF signals which have
propagated global distances before their detection. This implies that the origin of deduced components of
azimuth deviations must be a local effect rather than a propagation effect.

Correction for the identified terms of error greatly improves the accuracy of ELF data-based raw source
azimuth estimation. This results in more reliable localization of the sources of Q-bursts in single-site
detections [Burke and Jones, 1995; Huang et al., 1999; Greenberg and Price, 2004].

Further studies are suggested in order to quantify, scale, and model the effect of conductivity anisotropies in
the Earth’s crust on ELF waves propagating over a given region in the Earth-ionosphere waveguide.
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