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Abstract In this paper, we present a performance analysis of the European Cooperation for Lightning
Detection (EUCLID) lightning detection network using data obtained on lightning currents measured at the
Säntis Tower (located in northeastern of Switzerland) from June 2010 to December 2013. In the considered
period of analysis, a total number of 269 upward negative flashes were recorded at the Säntis Tower. The
performance of the EUCLID lightning detection network is evaluated in terms of detection efficiency, location
accuracy, and peak current estimates for upward flashes. Excluding flashes containing only an initial continuous
current with no superimposed pulses exceeding 2 kA, the flash detection efficiency for upward flashes is
estimated to be 97%. The recorded flashes contained a total of 2795 pulses (including return strokes and
International Conference on Communications pulses characterized by risetimes lower than 8μs and peaks
greater than 2 kA). The overall pulse detection efficiency was found to be 73%. For pulses with peak values
higher than 5 kA, the pulse detection efficiency was found to be about 83%. Peak current estimates provided by
the EUCLID network were found to be significantly larger than their directly measured counterparts. This
overestimation might be attributed to the enhancement of the radiated electromagnetic fields associated with
the presence of the tower and the mountain. The median of the absolute distance error, defined as themedian
distance between the Säntis Tower location and the EUCLID’s stroke locations, was found to be 186m, the
majority of large location errors being associated with measured current peaks lower than 10 kA. The analysis
revealed also that the location accuracy of the EUCLID network improved significantly in 2013 as a result of an
upgrade in the location algorithms to take into account propagation effects.

1. Introduction

Instrumented towers and rocket-triggered lightning are two effective means to investigate the performance of
lightning location systems (LLS) [Nag et al., 2015]. Both of these methods can provide valuable data on different
characteristics of LLS like detection efficiency (DE), location accuracy (LA), and peak current estimation accuracy. A
discussion on the differences between the DE and the LA obtained from direct tower measurements and other
methods, such as video and continuous electric field recordings, is in order. The salient differences are as follows:

1. The DE and LA from tower data are valid for the tower position and theymay be different for other parts of
the region around the tower. The performance parameters obtained from video recordings, on the other
hand, are valid for the region where a sufficiently unobstructed view can be guaranteed, preferably from
more than one recording site. On the other hand, direct measurements using towers or triggered light-
ning provide exact locations, which are not the case for video or electric field recordings.

2. Tower data are essentially based on upward lightning, which are characterized by the absence of the first
return stroke, and the presence of an initial continuous current (ICC) with or without superimposed pulses.
It is important to note that an appreciable number of upward flashes from towers might contain only an
initial continuous current with neither superimposed pulses nor return strokes [Smorgonskiy et al., 2013]
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and, therefore, cannot be detected by LLS. For example, the percentage of upward flashes containing only
an ICC was 64% at Mount San Salvatore [Berger, 1967] and 48% at Gaisberg [Diendorfer et al., 2009].

The presence of the tower might affect the location accuracy of LLS in different ways. On the one hand, the
presence of a straight, tall strike object results in “clean” electromagnetic field waveforms with enhanced
amplitudes [Rachidi et al., 2001]. This effect is expected to have a beneficial impact on the location accuracy
of LLS. On the other hand, the transient process along a tall strike object can cause distortions of the field
waveforms that might negatively affect the performance of LLS. For example, the waveforms of the electric
and magnetic fields associated with lightning strikes to the CN Tower in Toronto exhibit a first zero crossing
about 5μs after the onset of the return stroke [Pavanello et al., 2007], which is due to the reflection of the cur-
rent at the base of the tower. In general, the flash DE of a LLS is also affected by the number of strokes per
flash. The more strokes occur in a given flash, the higher is the probability to detect this flash because a flash
is reported (detected) if at least one stroke (first or subsequent) is detected. Therefore, the flash DE can be
much higher than any form of stroke DE. A more detailed description of the differences in the ground truth
data evaluation methods can be found in Nag et al. [2015].

The performance of the Austrian Lightning Detection and Information System (ALDIS), which is an integral
part of the European network European Cooperation for Lightning Detection (EUCLID), has been investigated
using direct measurements at the 100m tall Gaisberg Tower in Austria [Diendorfer et al., 2002; Schulz and
Diendorfer, 2004; Schulz et al., 2014a] and using video and E field recordings [Schulz et al., 2005; Schulz and
Diendorfer, 2006; Schulz and Saba, 2009; Schulz et al., 2010]. In the latest performance analysis presented in
Schulz et al. [2014a], the obtained detection efficiency for negative flashes was found to be 98% (flash
detection efficiency) and 84% (stroke detection efficiency), based on video and E field recordings, and 96%
(flash detection efficiency) and 71% (stroke detection efficiency) based on Gaisberg Tower measurements
(evaluation of negative return strokes only). The median location accuracy was found to be improved from
~300 to ~100m during the period of investigation [Schulz et al., 2014a, 2014b]. In addition, a very good agree-
ment was reported [Diendorfer et al., 2002; Schulz et al., 2014a] between peak currents measured at the
Gaisberg Tower and correlated peak currents estimated by EUCLID.

The Toronto CN Tower (533m) has been used to evaluate the performance of the North American Lightning
Detection Network (NALDN) [Lafkovici et al., 2008]. The authors of that study reported a flash detection effi-
ciency of 100%, a pulse detection efficiency of 55%, and a mean absolute location error of 395m. That study
did not discriminate between return strokes and ICC pulses. Pavanello et al. [2009] used directly measured light-
ning currents at the top of the CN Tower to evaluate the performance of the NALDN in terms of peak current
estimates. They showed that the NALDN peak current estimates are about 3 to 4 times larger than directly mea-
sured values. This overestimation is due to the presence of the tower itself which is not included in the NALDN
peak current estimation algorithm. Pavanello et al. [2009] showed in addition that NALDN estimates can be cor-
rected by applying a so-called tower correction factor [Bermudez et al., 2005; Baba and Rakov, 2007].

A preliminary analysis of the performance of the EUCLID network in Switzerland has been presented using
the 124m tall Säntis Tower in the period of June 2010 to May 2011 [Romero et al., 2011]. In the period of ana-
lysis considered in Romero et al. [2011], 42 negative flashes containing ICC pulses and/or return strokes were
recorded at the Säntis Tower. The flash detection efficiency was estimated to be 93% and the median value of
the location error 126m. The EUCLID peak current estimates were found to be larger than the measured cur-
rents. A total number of 42 flashes with 600 strokes were used to evaluate detection efficiency, peak current,
and location accuracy of the EUCLID network.

Rocket-triggered lightning has also been used to evaluate the performance of the U.S. National Lightning
Detection Network using data provided from 2001 to 2012 at Camp Blanding, Florida [Jerauld et al., 2005;
Nag et al., 2011; Mallick et al., 2014].

In this paper, we use current waveforms associated with upward negative flashes measured at the Säntis Tower
from June 2010 to December 2013 to evaluate the performance characteristics of the EUCLID network. Note
that themajority of the recorded flashes at Säntis are of upward type and only a few downward negative flashes
were recorded in the period of analysis which were excluded from this study. It is worth noting that LLSs do not
distinguish between upward and downward flashes. Most of the flashes occurring in nature are of downward
type. Upward flashes occur only from tall structures or moderate structures located on the top of mountains
[e.g., Rakov and Uman, 2003]. In the context of renewable electrical energy generation, the number of upward
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flashes is significantly increasing with the construction of tall wind turbines. As a result, the evaluation of the
performance of LLSs for locating and detecting upward flashes is becoming more and more important.

The presented study is significant for at least three reasons, which are as follows:

1. As mentioned earlier, among different methods used to evaluate the performance of LLS’s, direct mea-
surements using towers or triggered lightning provide exact locations, which is not the case, for example,
using video or electric field recordings.

2. The Säntis Tower is located in a mountainous area (Alps) and the obtained data are indicative of the
general performance of LLS’s in mountainous areas. It is worth noting that the propagation of lightning
electromagnetic fields over mountainous terrain is considered as one of the main factors affecting the
location error associated with the time-of-arrival method [Cummins et al., 2010].

3. The presented study concerns upward flashes for which little information is available in the literature as far as
the performance characteristics of the LLS are concerned. Upward flashes are generally initiated from tall struc-
tures and their initiation mechanism is not fully understood and is a subject of ongoing research. They are

therefore of special interest for wind
turbines or other tall structures.

The paper is organized as follows.
Section 2 briefly reviews the ins-
trumentation installed at the Säntis
Tower and the obtained direct current
data. A brief description of the EUCLID
network is presented in section 3. The
analysis and discussion of the results
are given in section 4. Finally, conclu-
sions are presented in section 5.

2. Säntis Tower
Instrumentation and
Obtained Data

The Säntis Tower is a 124m tall tower
sitting on the top of the 2502m tall
Mount Säntis located at 47°14′57′′N
and 9°20′32′′E in the Appenzell region

Figure 1. The current waveform associated with an upward negative flash recorded on 14:52:22, 6 August 2012. The initial
continuous current (ICC), ICC pulses and 4 return strokes (labeled 1 to 4) can be identified in the waveform.

Figure 2. Location of EUCLID sensors around Säntis Tower (located in the
Appenzell region in Northeastern Switzerland).
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in the northeast of Switzerland. The Säntis Tower was instrumented in May 2010 for measurement of light-
ning current parameters [Romero et al., 2012a]. The lightning current waveforms and their time derivatives
are measured at tower heights of 24m and at 82m. A Rogowski coil and amultigap B-Dot sensor are currently
installed at each height. The whole measurement system is triggered by the di/dt signal measured by the
B-dot sensor located at 82m. Note that the B-Dot sensor at the lower height was not present prior to 29
June 2013 (see Romero et al. [2012b] for detailed information on the instrumentation and Azadifar et al.
[2014] for recent upgrades made in 2013–2014). The analog outputs of the sensors are relayed to a digitizing
system by means of 12 bit fiber optic links (Terahertz LTX5515) characterized by an overall bandwidth from
DC to 25MHz. Using National Instruments Compact-RIO modules linked via fiber optic links, the system
allows over-the-Internet control and monitoring of the instrumentation. The initial data acquisition system
which used an industrial PC (described in Romero et al. [2012a]) was replaced with a system based on PCI
eXtensions for Instrumentation platform of National Instruments, that is, particularly efficient in terms of syn-
chronization, timing, and triggering. Indeed, the system is equipped with the GPS-synchronized board PXI-
6682 characterized by an onboard 10MHz clock with skew of 1 ppm and a synchronization accuracy of
±100 ns with 13 ns standard deviation. Also, in order to have a wider time window to record initial continuous
current of upward flashes, the sampling rate of the system was reduced from 100MS/s to 50MS/s starting
from June 2012, resulting in a 2.4 s time window and a pretrigger delay of 960ms (instead of 1.2 s time win-
dow and a pretrigger delay of 240ms for flashes recorded between May 2010 and June 2012).

In the period from June 2010 to December 2013, a total number of 327 flashes were recorded, out of which
273 flashes were classified as negative, 46 flashes as positive and 8 as bipolar. The great majority of the mea-
sured waveforms are associated with upward flashes. Among the 327 recorded flashes, based on the mea-
sured current waveforms, only 4 were identified as downward (3 negative and 1 positive).

It is worth noting that GPS time stamps were not available for some of the events due to a defective GPS card
(138 out of 327 flashes). In those cases, the Säntis data and EUCLID events were time correlated by analyzing
the interstroke interval patterns which were used to calculate time offsets of Säntis events due to a drift of the
internal clock. Events from the Säntis Tower and from EUCLID were considered synchronized if the two fol-
lowing criteria were satisfied after time drift correction: (i) the time stamps of events (EUCLID and Säntis) were
within a time difference of 1ms and (ii) the location of events proposed by EUCLID were within a 5 km circle
centered at the Säntis Tower. Sometimes upward lightning is preceded and possibly initiated (note that the

causality has not been established at
this time) by a nearby downward
lightning to ground and the applied
1ms time difference should be suffi-
cient to avoid an erroneous correlation
of the preceding lightning located by
EUCLID and the discharge measured
at the tower. Out of the considered
273 upward negative flashes, one was
discarded because it was not possible
to accurately correct time drift.

Figure 1 shows an example of a current
waveform associated with a flash
recorded at the Säntis Tower. The cur-
rent waveform is typical of upward
negative flashes, with an initial conti-
nuing current (ICC) of about 260ms

Table 1. Flash Detection Efficiency of the EUCLID Network Associated with Negative Lightning Flashes to the Säntis Tower

Events Number

Number of recorded upward negative flashes with available corrected time stamp at the Säntis Tower 269
Number of recorded ICCOnly flashes (ICC and minor ICC pulses (peak current< 2 kA)) at the Säntis Tower 7
Number of detected flashes by the EUCLID Network 253
Flash detection efficiency of the EUCLID Network excluding ICCOnly flashes 97%

Figure 3. Measured current waveform associated with an upward negative
flash recorded on 18:40:15, 25 August 2012. The current is characterized by a
low amplitude ICC and ICC pulses with no return strokes.
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duration and superimposed ICC pulses,
followed by 4 return strokes.

For the analysis of the performance of
the EUCLID network, we will consider
altogether negative return strokes
(pulses occurring after the extinction
of the ICC) and ICC pulses (superim-
posed on the initial continuous current
fulfilling two conditions: a risetime
lower than 8μs and an amplitude
greater than 2 kA). These pulses are
believed to be associated with the
leader/return stroke mode of charge
transfer, as opposed to slower pulses
which are associated with the M com-
ponent charge transfer mode [Flache
et al., 2008]. It should be mentioned

that the 2 kA current amplitude criteria were applied based on the study by Cooray and Rakov [2012] in which
the smallest value of the return stroke current amplitude that can exist in nature lies in the range of 1.5 to
3.0 kA. Note, in addition, that ICC pulses with risetimes greater than 8μs are rarely located by EUCLID as those
slow rising currents do not radiate sufficient fields to be detected by several sensors.

Finally, note that throughout the text, both return strokes and ICC pulses fulfilling the above two conditions
will be referred to as pulses.

3. EUCLID Network

EUCLID (European Cooperation for Lightning Detection) is a consortium of 19 national lightning detection net-
works with the aim of identifying and detecting lightning all over the European area (http://www.euclid.org).
Figure 2 shows the location of six EUCLID sensors in the vicinity of the Säntis Tower.

In 2014 the complete network consisted of about 150 sensors. As mentioned in the introduction, an overall
flash detection efficiency of 98% and stroke detection efficiency of 84% have been reported by Schulz et al.
[2014b] determined from video and E field recordings in southeastern France (Cévennes-Vivarais). It should
be noted that, unlike the present study, most of the flashes in Schulz et al. [2014b] are of downward type.
Direct current measurements at the Gaisberg Tower in Austria provided a flash DE of 98% and a stroke DE

of 85% [Diendorfer, 2010]. A similar
study performed at the Säntis Tower
for 42 recorded flashes over the period
from June 2010 to May 2011 [Romero
et al., 2011] reported a flash detection
efficiency of 88%. In the analysis pre-
sented in Romero et al. [2011], only
flashes containing ICC pulses and/or
return strokes were considered. The
main difference in the reported DE
values of these previous studies is
most likely a result of the limitations
of the used method (video observa-
tions versus tower measurements), the
used data (only return strokes versus a
mix of return strokes and ICC pulses),
and regional variations of the DE,
as discussed in the introduction of
this paper.

Figure 4. Peak current distribution of pulses associated with upward nega-
tive flashes measured at the Säntis Tower.

Figure 5. EUCLID detection efficiency as a function of pulse peak current
measured at Säntis (the bin size of 5 kA) for upward negative events.
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4. Results and Discussion

As mentioned in section 2, among
273 negative flashes recorded during
the considered period of this study,
three of them were classified as
downward flashes and one was dis-
carded because it was not possible
to accurately correct its associated
time drift. Excluding these four
flashes, 269 upward negative flashes
were analyzed in this study. It is
important to note that upward flashes
containing only an initial continuous
current ICC (with neither superim-
posed pulses with peaks higher than
2 kA nor return strokes) were not
considered in the present analysis.
These flashes (labeled “ICCOnly” in

Diendorfer et al. [2009]) were excluded for two reasons. First, LLS’s are not able to detect ICCOnly flashes.
Second, the lightning measurement system currently installed at the Säntis Tower is triggered by the di/dt
signal measured by the B-dot sensor and, therefore, it is likely that the system misses most of the flashes
containing ICCOnly.

4.1. Flash Detection Efficiency (Excluding Upward Flashes Containing Only ICC)

Table 1 presents the flash detection efficiency for negative flashes to the Säntis Tower observed in the
mentioned period, during which 269 upward flashes were recorded by the current measurement systemwith
available timestamps. Out of these 269 flashes, 7 (2.6%) were characterized by an ICC with no pulses satisfy-
ing the higher than 2 kA peak current and were not considered in the analysis. Figure 3 shows an example of a

Figure 6. EUCLID peak current estimates versus peak currents directly mea-
sured at the Säntis Tower.

Figure 7. Plot of EUCLID pulse locations for upward negative flashes recorded in the period of analysis. The size of the
circles is proportional to the current peak measured at Säntis. The length and width of the shown area are, respectively,
3.34 and 1.06 km.
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negative flash with just an ICC and low
amplitude ICC pulses. Out of the con-
sidered flashes, 253 were detected by
the EUCLID network, resulting in a flash
detection efficiency of 97%.

It is worth noting that the number of
pulses per flash (multiplicity) for
upward flashes measured at Säntis
has a median value of about 8
[Romero et al., 2013], which is about
twice as high as the multiplicity of
downward flashes [CIGRE WG C4.407
Report 549, 2013]. This might explain
the obtained high value for the
EUCLID efficiency in detecting Säntis
flashes, despite the fact that upward
flashes do not have first strokes.

4.2. Pulse Detection Efficiency

A total of 2795 pulses classified either as return strokes or as ICC pulses satisfying the risetime and
amplitude criteria presented in section 2 were identified in this study. Figure 4 shows the peak current
distribution of these pulses, featuring a maximum value of 29.6 kA, a median of 7.1 kA, and a geometrical
mean value of 6.3 kA. Figure 5 presents the pulse detection efficiency as a function of measured peak
current at the Säntis Tower. As expected, the detection efficiency of the EUCLID network increases with
the peak current value. The overall pulse detection efficiency is 73%. For pulses with peak values higher
than 5 kA, the pulse detection efficiency is about 83%. It is interesting to note that, among the total
number of 2036 detected pulses, 73% of the time-correlated pulses were classified as cloud pulses by
EUCLID. This can be explained by the fact that ICC pulses with short current risetimes are believed to
be associated with leader/return stroke mode discharges to an existing channel branch at some height
above the tower top [Flache et al., 2008; Zhou et al., 2015]. Another reason for misclassification is that
electric fields radiated from return strokes to a tall tower might feature a shorter peak-to-zero time
[Pichler et al., 2010] or an undershoot (for very tall structure) [Pavanello et al., 2009].

4.3. Peak Current Estimates

The problem of indirect estimation
of lightning return stroke currents
from remote electromagnetic field
measurements has been thoroughly
discussed in the literature (see, e.g.,
[Rachidi and Thottappillil, 1993]. From
a theoretical point of view, it has been
shown [Rachidi et al., 2004] that a
statistical estimation (e.g., in terms of
mean values and standard deviations)
of the current peak is possible
from remote field measurements.
However, due to the high variability
of key parameters such as the return
stroke speed, it is impossible to deter-
mine the lightning current accurately
from the remotely measured electric
or magnetic field for a given event.
On the other hand, triggered light-
ning was used to test peak current

Figure 8. Plot of pulse locations estimated by EUCLID excluding pulses
with peak values lower than 10 kA.

Figure 9. EUCLID absolute location error versus measured 10–90% current
rise time for upward negative pulses. The radius of each circle is propor-
tional to the current peak value.
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estimates provided by LLSs. It was shown that the ratio of directly measured and estimated current peaks was
characterized by an arithmetic mean of 1.1 [Nag et al., 2011].

Figure 6 presents peak current estimates provided by the EUCLID network as a function of the peak
currents directly measured at Säntis. It can be seen that EUCLID tends, in general, to overestimate
the peak current. The best fit linear regression, forced to go through the origin, is also shown in
Figure 6 which shows that the current estimates provided by EUCLID are typically about 1.8 times
higher than those from direct measurements. Note that this difference is well above the uncertainty
associated with the current measurement system (Rogowski coil), which has been estimated to be less
than 3% [Azadifar, 2015].

The overestimation of the peak current can be attributed to the enhancement of the radiated electro-
magnetic fields due to the presence of the tower and the mountain [e.g., Baba and Rakov, 2005,
2007; Bermudez et al., 2005; Pavanello et al., 2009]. A recent full wave finite difference time domain
analysis [Li et al., 2015] supported by experimental observations consisting of simultaneous records of
lightning currents and electric fields revealed that the combined effect of tower and mountainous
terrain topography around Säntis Tower results in an enhancement of radiated electric field, which is
consistent with the overestimation of the EUCLID Network.

Figure 10. EUCLID absolute location error versus Säntis Tower measured peak current for pulses of upward negative
events. Data are presented in different plots and different colors are associated with each of the four years of considered
in this study.

Table 2. Evolution of the Median and the Mean Values of Absolute Distance Error for Pulses Detected by the
EUCLID Network

Year 2010 2011 2012 2013
Number of Pulses 167 1104 494 271
Median (m) 219 191 186 160
Arithmetic Mean (m) 587 487 449 386
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4.5. Location Accuracy

Figure 7 presents a plot of pulse locations estimated by the EUCLID network for the Säntis Tower pulses. In
that figure, the location of each pulse is marked with a circle whose radius is proportional to the peak current
value measured at the Säntis Tower. It can be seen that most of the pulse locations are around the tower.
However, a secondary cluster is located in the south of the tower. As shown in Figure 8, these larger location
errors are related to low peak pulses (lower than 10 kA or so), most of which are associated with ICC pulses. As
discussed in Diendorfer et al. [2014], ICC pulses with short risetimes are due to return strokes attaching to an
existing channel and often involve strongly tilted channel branches at low altitudes. As a result, larger loca-
tion errors are associated with them.

On the other hand, the location accuracy seems not to be appreciably affected by the current risetime, as can
be seen in Figure 9 in which the absolute location errors of the EUCLID network are presented as a function of
the 10–90% current risetime. In this figure, the radius of each circle is proportional to the current peak value. It
can be seen that no clear correlation can be found between current rise time and the absolute location error.
It is worth noting that, for pulses with much larger risetimes (8μs and larger), it is expected that the probabil-
ity of detection decreases considerably. Data at the Gaisberg Tower have revealed that only 3% of the pulses
with current risetimes greater than 8μs were detected by EUCLID.

The median of the absolute distance error, defined as the median distance between the Säntis Tower location
and EUCLID’s stroke locations, is 186m. The absolute location error as a function of the peak current measured
at the Säntis Tower is presented in Figure 10 in separate plots, one for each study period year. It can be seen that
large location errors are associatedwith pulseswhosemeasured current peaks are lower than 10 kA. It can also be
seen from Figure 10 that the location accuracy of the EUCLID network improved considerably in 2013 following
an upgrade in the used location algorithms to account for propagation effects [Schulz et al., 2015]. Table 2 pre-
sents the evolution of the median and the mean values for the absolute distance error.

An important factor that might affect location accuracy of the system is the number of reporting sensors for each
pulse. Figure 11 shows EUCLID absolute location error versus the number of its reporting sensors for each pulse.
As expected, the absolute distance error decreases with an increase of the number of reporting sensors.

Figure 12a shows a scatterplot of EUCLID’s semimajor axis length of the 50% confidence ellipse for each pulse
versus measured peak current. It can be seen that the majority of large semi-axis values are associated with low
peak current values. A plot of EUCLID’s semimajor axis length of the 50% confidence ellipse versus location error
is presented in Figure 12b. In this figure, pulses characterized by peak currents lower than 10 kA are shown in
red, while those associatedwith peak currents greater than 10 kA are shown in blue. It can be seen that the peak
current is the critical parameter determining the location accuracy. It is worth noting that using themedian con-
fidence ellipse as a measure of the median location error of LLS’s is widely accepted and its accuracy was vali-
dated based on lightning to the Gaisberg Tower [Diendorfer et al., 2014].

Figure 11. EUCLID absolute location error versus the number of EUCLID reporting sensors.
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5. Summary and Conclusions

We presented a performance analysis of the EUCLID lightning detection network using the obtained data on
lightning currents measured at the Säntis Tower from June 2010 to December 2013. In the considered period
of analysis, a total of 269 upward negative flashes were recorded at the tower. The performance of the
EUCLID lightning detection network was evaluated for negative upward flashes (excluding ICCOnly flashes)
in terms of detection efficiency, location accuracy, and peak current estimates. The overall flash detection effi-
ciency was estimated to be 97%.

The recorded flashes contained a total number of 2795 pulses (including return strokes and ICC pulses with
risetimes lower than 8μs and peaks greater than 2 kA). It should be noted that in a number of the measured
flashes, the level of the initial continuous current was too low to allow the unequivocal classification into ICC
pulses and return strokes. The overall pulse detection efficiency for upward flashes was found to be 73%. For
pulses with measured peak currents higher than 5 kA, the pulse detection efficiency for upward flashes was
about 83%. Note that the pulse detection efficiency given in this paper is obtained for a combination of

Figure 12. (a) EUCLID semimajor axis length of the 50% confidence ellipse versus peak current value of upward negative
pulses measured at the Säntis Tower and (b) EUCLID semimajor axis length of the 50% confidence ellipse versus absolute
location error of upward negative pulses.
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return strokes and ICC pulses of short risetimes (<8μs), and therefore, it is not directly comparable to DE
values obtained in other experiments, where a clear distinction is made between return strokes and ICC
pulses (e.g., triggered lightning or Gaisberg Tower).

Peak current estimates provided by the EUCLID network were found to be significantly larger than their
directly measured counterparts. This overestimation might be attributed to the enhancement of the radiated
electromagnetic fields associated with the presence of the tower and the mountain.

The median of the absolute distance error defined as the median distance between the Säntis Tower location
and EUCLID’s stroke locations was found to be 186m. It was observed that most of the large location errors
are associated with measured current peaks lower than 10 kA. The analysis revealed also that the location
accuracy of the EUCLID network improved significantly in 2013, after the location algorithms were upgraded
to take into account propagation effects.

The analysis presented in the paper can be considered as indicative of the general performance of lightning
location systems in mountainous areas. However, the location accuracies and detection efficiencies inferred
in this paper can certainly not be generalized to all the Alps region. More research is definitely needed to gen-
eralize the presented results in wider areas.

References
Azadifar, M. (2015), Evaluation of the uncertainty associated with the current measurement system installed on the Säntis Tower, Internal

Report Swiss Federal Institute Technology, EMC Laboratory, September 2015.
Azadifar, M., M. Paolone, D. Pavanello, F. Rachidi, C. Romero, and M. Rubinstein (2014), An update on the instrumentation of the Säntis Tower

in Switzerland for lightning current measurements and obtained results, CIGRE International Colloquium on Lightning and Power
Systems, Lyon, France.

Baba, Y., and V. A. Rakov (2005), Lightning electromagnetic environment in the presence of a tall grounded strike object, J. Geophys. Res., 110,
D09108, doi:10.1029/2004JD005505.

Baba, Y., and V. A. Rakov (2007), Lightning strikes to tall objects: Currents inferred from far electromagnetic fields versus directly measured
currents, Geophys. Res. Lett., 34, L19810, doi:10.1029/2007GL030870.

Berger, K. (1967), Novel observations on lightning discharges—Results of research on Mount San Salvatore, J. Franklin Inst., 283,
478–525.

Bermudez, J. L., F. Rachidi, W. Janischewskyj, V. Shostak, M. Rubinstein, D. Pavanello, A. M. Hussein, J. S. Chang, C. A. Nucci, and M. Paolone
(2005), Far-field-current relationship based on the TL model for lightning return strokes to elevated strike objects, IEEE Trans. Electromagn.
Compat., 47, 146–159.

CIGRE WG C4.407 (2013), Lightning parameters for engineering applications, CIGRE Rep. 549, Paris.
Cooray, V., and V. Rakov (2012), On the upper and lower limits of peak current of first return strokes in negative lightning flashes, Atmos. Res.,

117, 12–17.
Cummins, K. L., M. J. Murphy, J. A. Cramer, W. Scheftic, N. Demetriades, and A. Nag (2010), Location accuracy improvements using propa-

gation corrections: A case study of the US National Lightning Detection Network in 21st International Lightning Detection Conference
ILDC2010, Orlando, Fla., 21–22 April.

Diendorfer, G. (2010), LLS performance validation using lightning to towers Proceedings of the 21st International Lightning Detection
Conference (ILDC) & 3rd International Lightning Meteorology Conference (ILMC), Orlando, Fla.

Diendorfer, G., W. Hadrian, F. Hofbauer, M. Mair, and W. Schulz (2002), Evaluation of Lightning Location Data Employing Measurements of
Direct Strikes to a Radio Tower Session 2002, CIGRE, Paris.

Diendorfer, G., H. Pichler, and M. Mair (2009), Some parameters of negative upward initiated lightning to the Gaisberg Tower (2000–2007),
IEEE Trans. Electromagn. Compat., 51, 443–452.

Diendorfer, G., H. Zhou, H. Pichler, R. Thottappillil, and M. Mair (2014), Currents and radiated E-fields of upward initiated lightning from the
Gaisberg Tower in Austria, EGU General Assembly, vol. 16, EGU2014-13751.

Flache, D., V. A. Rakov, F. Heidler, W. Zischank, and R. Thottappillil (2008), Initial-stage pulses in upward lightning: Leader/return stroke versus
M-component mode of charge transfer to ground, Geophys. Res. Lett., 35, L13812, doi:10.1029/2008GL034148.

Jerauld, J., V. A. Rakov, M. A. Uman, K. J. Rambo, and D. M. Jordan (2005), An evaluation of the performance characteristics of the U.S. National
Lightning Detection Network in Florida using rocket-triggered lightning, J. Geophys. Res., 110, D19106, doi:10.1029/2005JD005924.

Lafkovici, A., A. M. Hussein, W. Janischewskyj, and K. L. Cummins (2008), Evaluation of the performance characteristics of the North American
Lightning Detection Network based on tall-structure lightning, IEEE Trans. Electromagn. Compat., 50(3), 630–641.

Li, D., M. Azadifar, F. Rachidi, M. Rubinstein, M. Paolone, D. Pavanello, S. Metz, Q. Zhang, and Z. Wang (2015), On lightning electromagnetic
field propagation along an irregular terrain, IEEE Trans. Electromagn. Compat., doi:10.1109/TEMC.2015.2483018.

Mallick, S., et al. (2014), Performance characteristics of the NLDN for return strokes and pulses superimposed on steady currents, based on
rocket-triggered lightning data acquired in Florida in 2004–2012, J. Geophys. Res. Atmos, 119, 3825–3856, doi:10.1002/2013JD021401.

Nag, A., et al. (2011), Evaluation of U.S. National Lightning Detection Network performance characteristics using rocket-triggered lightning
data acquired in 2004–2009, J. Geophys. Res., 116, D02123, doi:10.1029/2010JD014929.

Nag, A., M. J. Murphy, W. Schulz, and K. L. Cummins (2015), Lightning locating systems: Insights on characteristics and validation techniques,
J. Earth Space Sci., 2, 65–93, doi:10.1002/2014EA000051.

Pavanello, D., et al. (2007), On return-stroke currents and remote electromagnetic fields associated with lightning strikes to tall structures.
Part II: Experiment and model validation, J. Geophys. Res., 112, D13122, doi:10.1029/2006JD007959.

Pavanello, D., F. Rachidi, W. Janischewskyj, M. Rubinstein, V. Shostak, C. A. Nucci, K. L. Cummins, A. M. Hussein, and J. S. Chang (2009), On the
current peak estimates provided by lightning detection networks for lightning return strokes to tall towers, IEEE Trans. Electromagn.
Compat., 51, 453–458.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024259

AZADIFAR ET AL. PERFORMANCE CHARACTERISTICS OF EUCLID 605

Acknowledgments
The measured data on lightning cur-
rents presented in this paper are acces-
sible at the EMC Laboratory of EPFL
(farhad.rachidi@epfl.ch). EUCLID data
are available on request from EUCLID
(fees may be charged). The authors
thank Silverio Visacro for his valuable
comments. Financial support from the
Swiss National Science Foundation
(project 200021_147058) is
acknowledged.

http://dx.doi.org/10.1080/10407782.2012.672898
http://dx.doi.org/10.1155/2012/567864
http://dx.doi.org/10.1029/2005GL023112
http://dx.doi.org/10.1002/qj.2063
http://dx.doi.org/10.1002/grl.50382
http://dx.doi.org/10.1088/0950&hyphen;7671/27/2/306
http://dx.doi.org/10.1175/2011JTECHO831.1
http://dx.doi.org/10.1109/T&hyphen;AIEE.1946.5059235
http://dx.doi.org/10.1029/2012GL053055


Pichler, H., G. Diendorfer, and M. Mair (2010), Some parameters of correlated current and radiated field pulses from lightning to the Gaisberg
Tower, IEEJ Trans. Electr. Electron. Eng., 5(1), 8–13, doi:10.1002/tee.20486.

Rachidi, F., and R. Thottappillil (1993), Determination of lightning currents from far electromagnetic fields, J. Geophys. Res., 98, 18,315–18,321.
Rachidi, F., W. Janischewskyj, A. M. Hussein, C. A. Nucci, S. Guerrieri, B. Kordi, and J. S. Chang (2001), Current and electromagnetic field

associated with lightning return strokes to tall towers, IEEE Trans. Electromagn. Compat., 43(3), 356–367.
Rachidi, F., J. L. Bermudez, M. Rubinstein, and V. A. Rakov (2004), On the estimation of lightning peak currents from measured fields using

lightning location systems, J. Electrost., 60, 121–129.
Rakov, V. A., and M. A. Uman (2003), Lightning Physics and Effects, 687 pp., Cambridge Univ. Press, New York.
Romero, C., M. Paolone, F. Rachidi, M. Rubinstein, A. Rubinstein, G. Diendorfer, W. Schulz, M. Bernardi, and C. A. Nucci (2011), Preliminary

comparison of data from the Säntis Tower and the EUCLID lightning location system, Lightning Protection (XI SIPDA), International
Symposium on, pp. 140,145, 3–7 Oct.

Romero, C., M. Paolone, M. Rubinstein, F. Rachidi, A. Rubinstein, G. Diendorfer, W. Schulz, B. Daout, A. Kaelin, and P. Zweiacker (2012a), A
system for the measurements of lightning currents at the Säntis Tower, Electr. Power Syst. Res., 82, 34–43.

Romero, C., A. Mediano, A. Rubinstein, F. Rachidi, M. Rubinstein, A. Paolone, P. Zweiacker, N. Mora, D. Pavanello, and B. Daout (2012b),
Measurement of lightning currents using a combination of Rogowski coils and B-Dot sensors, J. Light. Res., 4, 71–77.

Romero, C., F. Rachidi, M. Paolone, and M. Rubinstein (2013), Statistical distributions of lightning currents associated with upward-negative
flashes based on the data collected at the Säntis Tower in 2010 and 2011, IEEE Trans. Power Delivery, 28(3), 1804–1812.

Schulz, W., and G. Diendorfer (2004), Lightning peak currents measured on tall towers and measured with lightning location systems in 18th
International Lightning Detection Conference ILDC, Helsinki, Finland.

Schulz, W., and G. Diendorfer (2006), Flash multiplicity and interstroke intervals in Austria, International Conference on Lightning Protection,
pp. 402–404.

Schulz, W., and M. M. F. Saba (2009), First results of correlated lightning video images and electric field measurements in Austria,
International Symposium on Lightning Protection (X SIPDA).

Schulz, W., B. Lackenbauer, H. Pichler, and G. Diendorfer (2005), LLS data and correlated continuous E-Field measurements International
Symposium on Lightning Protection (VIII SIPDA).

Schulz, W., H. Pichler, and G. Diendorfer (2010), Evaluation of 45 negative flashes based on E-field measurements, video data and lightning
location data in Austria in 30th Int. Conf. on Lightning Protection (ICLP), Cagliari, Italy.

Schulz, W., D. Poelman, S. Pedeboy, C. Vergeiner, H. Pichker, G. Diendorfer, and S. Pack (2014a), Performance validation of the European
Lightning Location System EUCLID 2014 in CIGRE International Colloquium on Lightning and Power Systems, Lyon, France.

Schulz, W., S. Pedeboy, C. Vergeiner, E. Defer, and W. Rison (2014b), Validation of the EUCLID LLS during HyMeX SOPI International Lightning
Detection Conference, Tucson.

Schulz, W., G. Diendorfer, S. Pedeboy, and D. R. Poelman (2015), The European lightning location system EUCLID—Part 1: Performance
validation, Nat. Hazards Earth Syst. Sci. Discuss., 3, 5325–5355.

Smorgonskiy, A., F. Rachidi, M. Rubinstein, G. Diendorfer, and W. Schulz (2013), On the proportion of upward flashes to lightning research
towers, Atmos. Res., 129–130, 110–116.

Zhou, H., V. A. Rakov, G. Diendorfer, R. Thottappillil, H. Pichler, and M. Mair (2015), A study of different modes of charge transfer to ground in
upward lightning, J. Atmos. Sol. Terr. Phys., doi:10.1016/j.jastp.2015.02.008.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024259

AZADIFAR ET AL. PERFORMANCE CHARACTERISTICS OF EUCLID 606

http://dx.doi.org/10.1016/j.dsr2.2004.12.014
http://dx.doi.org/10.1038/ngeo362

