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Abstract

Because of the risks to public safety and property, meteorological
services actively monitor lightning events. The generated lightning
detections are used by insurance companies, air traffic controllers and
other interested parties. The detection databases can also be used for
scientific purposes and as input for weather models, since lightning
can be considered as a proxy for associative severe weather conditions
like heavy rain, gusts and hail.

KNMI’s FLITS lightning detection system will be replaced by the
KLDN system from the external company Météorage. In order to an-
ticipate on differences in lightning detection due to the use of a new
system, historical datasets are analyzed. The relative performance of
FLITS, KLDN and ATDnet, a lightning detection system used by UK
Met Office, is determined. The results will form a scientific base for
KNMI to decide on the use of KLDN for existing applications like
lightning monitoring in general, severe weather alarms and lightning
activity detection in the Netherlands, especially around airports.

The results show large differences between the systems, especially
on the sensitivity for cloud to cloud vs cloud to ground lightning.
The use of KLDN will affect the flight warnings around airports. The
weather alarm criteria are recommended to be revised.




1 Introduction

Lightning is one of the most perceptible weather phenomena. The incidental
occurrence of it offers stark contrast to the damage and associated hazards
it can cause. Direct impacts can be lethal and/or cause fires. Even nearby
lightning strikes can cause damage to electrical equipment. The increase of
electrical equipment per household is one of the reasons financial damages by
lightning in the Netherlands has increased to an estimated 35 million euro
per year, according to Nationale Nederlanden [I]. Lightning can also be a sig-
nificant hindrance to infrastructure, as airport regulation prohibits aircrafts
to refule, take off or land during lightning storms. Additionally, lightning
damages and resulting delays to the railroad system are not uncommon; in
the period between 2001 to 2006, ProRail reported 1,556 lightning related
damage incidents to the Dutch railroad system [7].

Because of the risks to public safety and property, meteorological ser-
vices actively monitor lightning events. The generated lightning detections
are used by insurance companies, air traffic controllers and other interested
parties. The detection databases can also be used for scientific purposes and
as input for weather models, since lightning can be considered as a proxy for
associative severe weather conditions like heavy rain, wind gusts and hail [17].

KNMI has used the SAFIR network to monitor lightning in the Nether-
lands since 1995, which carries the name FLITS since improvements and
soft-ware upgrades in 2004. KNMI has decided that the FLITS system can
no longer be maintained, and plans to make use of the KLDN lightning data
delivered by the external partner Météorage. These detections are derived
from output of sensors of the EUCLID network.

Performance of lightning detection can vary between systems, especially
if the systems make use of different types of sensors as is the case with FLITS
and KLDN. For KNMI and its customers, it is important to understand dif-
ferences in lightning detection output resulting from the switch to another
system. In this report a comparison will be made between the lightning
detections of FLITS and KLDN. The biggest challenge in validating a light-
ning detection system, is that it is nearly impossible to have a reliable ground
truth. In a comparison between two systems, only the relative performance
can be determined as both are approximations of the actual reality which is
not known. There are several options to circumvent this in validating light-
ning detection systems. A ground truth can be found from railroad damage
reports [7], satellite-based lightning imaging [24] or high speed camera images



in a lightning storm [20] and an intercomparison can be made with additional
detection systems [10][19][1§].

In order to examine the relative performance of KLDN compared to
FLITS for the applications of lightning detection by KNMI, this last method
is applied in this report. The performance of KLDN and FLITS will be com-
pared to one another, as well as with the additional dataset of ATDnet, a UK
lightning detection system covering a large area, including the Netherlands.
The aim of this report is to anticipate on the differences in data output re-
sulting from the use of a new lightning detection system. The results will
form a scientific base for KNMI to decide on the use of KLDN for existing
applications like lightning monitoring in general, severe weather alarms and
lightning activity detection in the Netherlands, specifically around airports.

For this purpose, first the characteristics of lightning will be discussed in
section 2.1 In section[2.2] the technique of detection, that makes use of some
of these characteristics, by each detection system is discussed. Their relative
strengths and weaknesses have been extensively described in literature, and
will be reviewed here. In section |3 the approach of comparing datasets is
discussed. This is followed by section 4| with the results regarding relative
lightning detection in general, detection during severe weather and detection
of lightning activity, leading to the conclusions in section [5

A recurring theme in lightning detection validation is the challenge to find
a reliable ground truth reference. In a stand-alone chapter [ the potential of
infrasound lightning detection is discussed by analyzing data from two infra-
sound array stations and the electromagnetic lightning detections of FLITS,
KLDN and ATDnet during a case of severe weather in the Netherlands. This
research is related to the report, but can be read separately.

2 Theoretical background

2.1 Lightning characteristics

The physical processes in lightning is extensively described by Poelman
(2010) and Baba Rakov (2009), and is recapped in this section. Polar-
ization in clouds occur because of mechanisms related with strong vertical
currents and temperature gradients with height. Small positively electric
charged particles at the bottom of the cloud move upward, while heavy neg-
atively electric charged particles fall downward from the top of the cloud,



thus creating a static buildup. Only in sufficiently moist and large clouds,
most often occuring in summer storms, the charge separation can build up
enough to overcome the threshold value for air to become an electric charge
conductor [17].

A charged area in the cloud can induce an opposite charge build up in a
different (area of a) cloud or the earth’s surface. One type of lightning that
can occur is negative cloud to ground (CG) lightning. Figure ?? represents
the whole process of a negative CG flash schematically. A stepped leader,
a branched zigzag path from the charged cloud towards the ground surface,
deposits negative charge along the way. The reasons for the chosen path are
not well known but may be influenced by impurities/dust in the air resulting
in slight variations of conductivity. The air may glow purplish as the stepped
leader grows; this is the color of ionized air molecules. Note that the stepped
leader is not the lightning strike itself but it defines the path the lightning
strike will take.

When the stepped leader approaches the ground, the electrons in the al-
ready positively charged surface will be further repulsed. The induced charge
becomes sufficiently large to overcome the threshold value and the upward
leader from the ground can attach to the downward stepped leader. The con-
nection of the extending plasma channels of the downward stepped leaders
and the upward leader marks the beginning of the break-through phase. All
the charge within the channel is floating at high speeds towards the ground.
This so-called return stroke neutralizes the leader charge, though it may de-
posit excess positive charge onto the bottom of the cloud, where the stepped
leader initiated, as well as along the leader channel. The current of the return
stroke at the ground rises to values around 30 kA and decreases to half-peak
value in tens of microseconds. This electric transfer heats up the channel up
to over 30,000 K and the resulting expansion of air (over 10 atm) causes the
thunderous sound.

Often, the first return stroke is followed by another leader that moves
more gradually downward following the same path (ignoring the branches).
This so called dart leader deposits a charge of approximately 1 Coulomb
along the path, with a dart leader current peak of about 1 kA. Similarly as
before, the dart leader connects with an upward moving return stroke, though
this happens generally closer to the ground surface as the charge is smaller.
The peak value of the subsequent return strokes are 10 to 15 kA and decay
to half-peak in a few tens of microseconds. A downward negative lightning
flash typically consists of three to five strokes, in which a stroke is the term



for when a downward leader connects with a return stroke, neutralizing the
charge separation. Strokes of a single lightning flash follow the same path
through the air, though it is possible for flashes to consist of only 1 stroke [4].
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Figure 1: Schematic representation of all phases in a three-stroke CG light-
ning flash: a) still-camera image, b) streak-camera image, c¢) current change
in time. SL = stepped leader, RS = return stroke, DL. = dart leader. Figure
from Poelman (2010) [17].

Subsequent return strokes in a flash are generally a factor of 2 to 3 smaller
than the first return stroke, and follow with time intervals typically tens of
milliseconds long, though any value between 1 and hundreds of milliseconds
is possible. The duration of the flash in total is typically some hundreds of
milliseconds, in which a charge of some tens of coulombs is exchanged [4].
The return strokes from the ground produce low or very low frequency signals
(LF or VLF) of <300 kHz. Downward negative CG lightning flashes make
up 90% of all CG discharges [17].

The counterpart of the negative lightning described here is positive light-
ning. In this case the positively charged stepped leader originates from the
positively charged top of the cloud. The transfer of electrons is upward, ex-
changed between the cloud and the ground [17].

It is also possible for lightning to occur within or between clouds in so-
called cloud to cloud (CC) lightning. These can be both positive and neg-
ative, i.e. positive or negative stepped leader. Instead of a return stroke



originating from the ground, it originates from an oppositely charged area of
the same, or a different cloud. In this study, no distinction will be made be-
tween intercloud (discharges between two clouds) and intracloud (discharges
within the same cloud) lightning. Detection of CG lightning is relevant for
information on impacts and related risks in terms of damages and safety,
though CC detection can be used as indicator on severe weather develop-
ment, and is relevant for air traffic.

2.2 Lightning detection systems
2.2.1 Detection techniques

The previous section described the various motions of charge in a lightning
event, all of which generate electric and magnetic fields associated with that
motion. Besides the generally recognized optical and acoustic (i.e. flash and
thunder) signals, lightning can be registered by electromagnetic pulses emit-
ted by the processes in a lightning strike. The waveforms of return strokes
and their propagation in time follow a recognizable pattern that has been
studied extensively [4].

The frequency range of the electromagnetic pulses emitted during a light-
ning flash /stroke lie between 1 Hz and near 300 MHz. Both CC as CG light-
ning emit signals in the very high frequency or VHF (30 to 300 MHz) and the
low frequency or LF (30 to 300 kHz), though CC is more easily discernable by
VHF [23]. In LF lightning detection CC and CG signals can be distinguished
based on decay time which is typically shorter in CC lightning [16]. In the
very low frequency or VLF (<30 kHz), mainly CG lightning is detected.
The expectation is that VHF sensors are best equipped to detect CC light-
ning, though it requires a higher density sensor network than LF and VLF
sensors, and can suffer from blind spots, especially in mountainous areas [10].

A lightning detection system consists of several sensors, placed close
enough together that multiple sensors register the signal originating from
a stroke occurring in the covered area. The signal will arrive at different
times at each sensor due to the time it takes to traverse the distance from
the point of origin to the sensor. The combined information from the sensors
yields the location. This is generally done with one of three methods.

Magnetic field direction finding (MDF') makes use of two vertical mag-
netic loops that are positioned orthogonally to each other. A magnetic field



passing through the coil induces a current in the loop. The strength of the
currents through the two loops gives the direction from where the signal orig-
inated. The point where the lines from the sensors in the direction towards
the signal intersect gives the location of the lightning discharge. In most
cases two sensors are sufficient to determine the location of the stroke, with
the exception of a lightning flash occurring anywhere on the line between
two sensors. Therefore at least three sensors placed in a triangle are required
for an accurate location. There is a back-azimuth error of approximately
1 degree in these types of sensors. This means that the location accuracy
decreases for larger distances between sensor and stroke [17].

A different form of localizing lightning with direction finding is interfer-
ometry, that determines the direction of the source by solving the incoming
wave signal at five pentagonally placed sensors. The combined information
of multiple sensor arrays yields an intersection point. This is the location of
the stroke, see figure [2l Interferometry measures in the VHF spectrum, and
can therefore not measure reliably over large distances [I7]. The most im-
portant difference between MDF and interferometry is that MDF measures
the magnetic flux signal while interferometry makes use of the electrical field
signal of a lightning stroke.

VHF Signal

Figure 2: Location finding with interferometry. The direction of the lightning
signal source is derived from the phase difference of the VHF wave signal in
the five sensors placed close together. The combined information of the two

sensors provides the intersection point, thus the location. Figure taken from
Beekhuis [6].



The third method to locate lightning is the time of arrival (TOA) light-
ning location retrieval. The time it takes for the signal to arrive at sensors
is dependent on the distance between stroke and sensor. Though the exact
time the stroke transpired is unknown, the difference in time of arrival of
the signal between the sensors around the stroke can be determined. This
time interval gives the difference in distance the signal has travelled from the
stroke location towards both sensors. Between two sensors, a hyperbola can
be drawn that connects all locations with the correct distance difference to
the two sensors. The intersection of the hyperbolas between all sensors that
register the signal yields the correct location. As three hyperbolas can some-
times generate two intersection points (see figure |3)), at least four hyperbolas,
thus four sensors, are required to accurately determine the location of the
stroke with TOA. TOA predominantly makes use of LF signals [17].

Figure 3: Location finding with Time of Arrival technique. Left is the sit-
uation in which three sensors generate multiple possible lightning locations,
while right is the example of an unambiguous location with three sensors
[17].

There is a large variability in lightning detection systems, making use
of these techniques depending on the requirements of lightning data and
availability of sensors in a network. Besides the type of sensors in detection
systems, differences between detections result from data processing as well.
The (often empirical) choice for a certain signal to noise threshold value
determines the number of signals classified as lightning. Lower threshold
values will lead to higher detection efficiencies at a cost of more false alarms.

2.2.2 FLITS

The data of the SAFIR/FLITS system is collected using four measuring sta-
tions in the Netherlands, together with three additional stations in Belgium.
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The area in which it detects lightning is called the NL21-region, see figure
though in reality the coverage reaches not far beyond the KOUW-region,
the area just spanning the Netherlands.

Lightning localization occurs with a combination of VHF (around 110
MHz) interferometer of five antennas in pentagonal shape and long-wave-
antenna measuring LF (<4 MHz) for TOA [6].

FLITS can discriminate between CC and CG lightning based on wave
form analysis of the LF with criteria concerning the amplitude, rise time and
decay time of the system, where decay time is the most important factor in
lightning type characterization. Though theoretically the VHF signals of CC
and CG lightning differ from one another, the sensors used by FLITS are not
able to use VHF data for correct CC and CG distinction [7].

FLITS detects the individual signals from segments in a CC flash, distin-
guishing first signal from sequential and last signals. Normally these individ-
ual discharges are grouped into one CC lightning event by FLITS software.
From this grouping the mean location of the segments is given, as well as
the length and duration of the sequence. The length of a CC flash segment
sequence can be over 15 km. FLITS gives electric current values only for CG
strokes.

The location accuracy of FLITS is approximately 2 km, with a detection
efficiency (meaning the ratio of number of detected events divided by the
number of real events that have occurred) of approximately 60% [17].

2.2.3 KLDN

Météorage is a French commercial organization that has been detecting light-
ning in Europe since 1987. The data selection as delivered to KNMI will be
referred to as KLDN and spans the so-called NL25-region. The locations of
the EUCLID sensors contributing to KLDN data and the NL25 region are
given in figure [4

KLDN makes use of several types of LF sensors, namely IMPACT, LPATS
and LS7001. the IMPACT and LPATS are older and do not exhibit the same
performance as LS7001, especially regarding CC detection [19]. All three

types of sensors make use of TOA and Magnetic Direction Finding (MDF)
in the LF spectrum (1 kHz - 350 kHz).
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The waveform of the electro-magnetic signal is used to classify CC and CG
discharges. The number of CC detections in 2011 to 2013 have been higher
in the north of France compared to the Netherlands. This is attributed to
the updated LS7002 sensors in France. Similar updates in two stations in
Belgium and Denmark are scheduled. KLDN gives values for electric cur-
rents of CC as well as CG discharges.

The EUCLID network has been evaluated in Belgium with the use of
high speed camera images as ground truth. Based on the comparison be-
tween lightning detection output of CG lightning and the known locations
from the camera images of 210 strokes, the performance of the system has
been evaluated. The EUCLID stroke detection efficiency was 84%. The me-
dian location accuracy varied between 0.2 km and 1.9 km [20]. A different
validation in France yielded a detection efficiency of 90 to 95% and a location
accuracy within 1 km everywhere [17].

12
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Figure 4: Map of sensor location of FLITS, KLDN and ATDnet, as well as
the regions KOUW [22], NL21 and NL25.

2.2.4 ATDnet

ATDnet measures in the VLF range of 10 to 14 kHz [15], currently with
14 sensors worldwide. These VLF waves propagate in the ionosphere over
very long distances ( thousands of km), thus requiring few sensors in the
detection network, see figure The coverage extends over Europe, South
America, Africa and central Asia. Because of the frequency range in which
the sensors measure, ATDnet detects mainly CG lightning strokes, usually
only the first return stroke. Many subsequent return strokes in a flash occur
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too fast for the system to register, because of a 15 ms dead-time [17].

ATD stands for Arrival Time Difference since location finding is conse-
quently done with TOA. The location accuracy has been estimated on 5 km
over the United Kingdom as well as Africa, with an accuracy of 20 km in the
rest of Europe. The detection efficiency in Western Europe and the UK is
up to 90%, decreasing to 80% and 20% in respectively Northern Africa and
Southern America [17]. In comparison studies in Belgium and France it was
found that lightning detections drop during the night, more so than other
detection systems. It was suggested this is caused by diurnal variations in
the ionosphere, interfering with the wave propagation [19].

2.2.5 Previous performance studies

Lightning detection systems are challenging to validate as a large ground
truth dataset reference is relatively difficult to obtain. In order to give in-
sight in the value of lightning detection systems, various studies have been
done in which the relative performance of several systems are determined
by comparing datasets to one another or a differently obtained ground truth
dataset. In order to get an idea of the relative performance of FLITS, KLDN
and ATDnet, some relevant previous studies are discussed here. The same
terminology as in the papers is used. The detection efficiency (DE) is the
percentage of the truth reference (often obtained in a ground truth cam-
paign) that is detected by the lightning detection system. Note that relative
detection efficiency (RDE) and probability of detection (POD) are the same,
and both indicate the percentage of the lightning detections in the reference
system that is detected by the lightning detection system. A more detailed
explanation of POD is given in section [3.3]

In a study carried out at KNMI, SAFIR/FLITS CG data has been vali-
dated with lightning related damage reports in the Netherlands from the NS
(Dutch railways) over a period from 2001 to 2006, where the location and
time of lightning damage is used as ground truth reference of a CG flash.
Any case where the NS flash coincides with a stroke as reported in FLITS
in the defined matching area and time range is labeled as a hit. The POD
was calculated by dividing the number of hits by the total amount of damage
reports (and multiplied by 100 for percentage). The averaged corrected POD
was calculated as 57% with an uncertainty of 3% for a matching area with
radiuses’ in the range of 2-6 km [7].

Drué et al. (2007) examined the relative performance of SAFIR (of which

14



FLITS is derived) to BLIDS, which is part of the EUCLID and used by the
German weather service for nowcasting of thunderstorms until 2006. The
region covered in the study constitutes a large area of Germany, and the
data that was used dates from May 2003 until December 2004. The (flash)
total lightning (TL) POD of SAFIR out of BLIDS was 60%, with a (flash)
TL POD of BLIDS out of SAFIR of 21%. This suggests that SAFIR is more
sensitive to total lightning than BLIDS. This difference is mostly due to the
fact that SAFIR detects more CC lightning. The SAFIR performance on CG
flashes was lower than BLIDS. Also, SAFIR often seems to misclassify CC
lightning as CG lightning [10].

Poelman et al. (2013) made use of high speed camera images as a ground
truth for the validation of SAFIR, EUCLID, ATDnet and GLD360, an MDF
based global lightning detection system operating in the VLF. Flashes were
recorded on 3 days in August 2011 in Belgium. With high speed camera
pictures, individual strokes of the same flash are registered. As strokes of a
single flash follow the same path, the location accuracy can be determined
as those strokes should be localized in the same location. As the ground
truth is found with the pictures, the detection efficiency can be found by
calculating what percentage of the actual strokes are found by the detection
system. Note that FLITS is an updated version of the SAFIR system and
KLDN data is derived from the sensors in the EUCLID network.

The SAFIR system making use of TOA with magnetic direction finding
has a detection efficiency (i.e. the percentage of actual lightning detected by
the system) of strokes of 64% and of flashes of 92%, meaning that while it
misses some of the strokes, the detection of lightning activity i.e. flashes is
quite good. The location accuracy of detection is 1.0 km. When considering
only the output from the VHF sensors of SAFIR, the detection efficiency
is approximately the same, but the location accuracy of detection is signif-
icantly worse, namely 6.1 km. ATDnet has a detection efficiency of strokes
of 58% and of flashes of 88%. This relatively poor performance has been at-
tributed to the low detection efficiency on one of the three days on which the
thunderstorm occurred at night, which has a negative effect on the perfor-
mance of ATD. The best performance was that of EUCLID with a detection
efficiency of strokes of 84% and of flashes of 100%. The location accuracy of
both ATDnet and EUCLID are good, 1.0 km and 0.6 km respectively [20].

Over the same period as the previous study, a comparison is done by Poel-

man (2011) between ATDnet and the operational and total lightning proces-
sor of the Belgium lightning detection system, which consists of SAFIR with
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VHF interferometry plus LF sensors for CC and CG discrimination. The
total lightning processor is extended with additional Vaisala sensors and the
system localizes strokes with VHF interferometry and TOA. It was found
that the POD values from ATDnet out of both these total lightning and op-
erational detection systems were highest with respectively 53% and 62% [18].

In a different study of Poelman et al. (2013) the performance of a
Météorage dataset (thus the same lightning detection network as KLDN)
is compared with SAFIR and ATDnet. A distinction is made between the
TL detection of Météorage and only the low frequency detection of SAFIR
(which consists mostly of CG strokes). With the detection in Belgium be-
tween May and September in 2011 and 2012, hits are defined when two
detection systems register lightning within a predefined temporal and spatial
distance to one another. All systems are used as a ground truth in turn. The
relative detection efficiency (RDE) in this study is what was earlier described
as POD; the percentage of hits between two datasets as part of the total de-
tections of the set which is used as truth reference. The results are given in
table (1| below, in which TL Météorage is referred to as MTRG+ and only the
CG detection is referred to as MTRG [19]. Note that low RDE values of a
system could be caused by its poor detection, but also by a high false alarm
ratio in the other system which is used as ground truth [19].

Stroke RDE(%) | Flash RDE(%)
MTRG out of SAFIR 28 37
MTRG out of ATDnet 26 34
ATDnet out of SAFIR 27 60
MTRG+ out of ATDnet 40 57
SAFIR out of MTRG 34 46
ATDnet out of MTRG 47 80
SAFIR out of ATDnet 18 32
ATDnet out of MTRG+ 39 69

Table 1: RDE (same as POD) values from Poelman et al. (2013) [19].

The values as presented in table[l]are not quite near 100%, which suggests
a large variability in performance of detection systems. In the same study,
the networks are compared on their ability to detect lightning activity. A hit
is defined when two networks detect 1 or more strokes in a predetermined
area of 10 * 10 km? over the span of a day. With this method, the resulting
POD values range between 83% and 95%, with a false alarm ratio (fraction

16



of detections when ground truth found nothing) between 5% and 14% [19].

Though these values are all determined in a different region and time
period than the current comparison, they can help provide insight in the
performance of the detection systems in the Netherlands examined in this
report.

3 Methodology

3.1 Flash conversion

It is important to take into account how detailed FLITS, KLDN and ATDnet
each detect discharges connected to lightning. FLITS is capable of detecting
individual segments of CC discharges, that are automatically combined into a
single detection by FLITS software. Though KLDN detects CC lightning, it
does not do so on a level where it can distinguish segments. Similarly, FLITS
and KLDN can detect the first return stroke in CG lightning as well as several
subsequent return strokes originating from the same lightning event, while
ATDnet is assumed to mainly detect first CG return strokes [6] [17].

The terminology used in this report is as follows; all detections in the
original datasets of FLITS in which the CC segments have automatically
been combined by software, and the original datasets of KLDN and ATDnet
are referred to as strokes. Strokes of the same flash are detected within a
small time frame and distance from one another. By grouping the strokes
within a time and distance limit the dataset is converted to a flash dataset,
which can then be used to accurately compare system detection performance.

A methodology to investigate the grouping in lightning datasets was pre-
sented by Finke (1999), and later applied in similar lightning system com-
parisons by Driie et al. (2007) and Poelman et al. (2013) [13] [10] [19]. The
temporal and spatial distance between all events during the span of 24 hours
with all other events in that period is calculated and plotted in a so-called
single-point autocorrelation plot, see figure [ and [6] These density plots of
spatial and temporal distance between all strokes in a day are given for all
three datasets in figure [6] Figure [5] shows the single point signal autocor-
relation of FLITS before the grouping of the individual CC segments into
strokes by the FLITS software.

The points in the region dt <0.01 s correspond with CC lightning, which
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have discharges, i.e. segments, that follow each other rapidly. The region
0.01 s <dt <1 s shows activity that corresponds with CG lightning. All
lightning activity in the region dt >1 s represent the correlations between
strokes that are not part of the same flash [10]. In figure [5] a large amount
of correlation is found in dt <0.01 s for the segments that are part of a single
CC stroke, which are no longer visible in figure [6] as they are then combined
in a single stroke.
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Figure 5: Single-point signal autocorrelation plots of strokes recorded by
FLITS on 11 August in the NL21 region over the whole 24 hours, before
grouping of CC segments.

In the FLITS dataset used in the report the CC segments are grouped
into single strokes.
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Figure 6: Single-point signal autocorrelation plots of strokes recorded by
FLITS after grouping of CC segments, KLDN and ATDnet on 11 August in
the NL21 region over the whole 24 hours.

The autocorrelation plots show that the spatial threshold may change
over a relatively wide range without excluding strokes that show autocorre-
lation. This corresponds with literature, where there is agreement regarding
the temporal threshold (dt) of 1 s, though the spatial thresholds (dr) varies
between 10 and 50 km [10], 15 km [19] and 0.15° longitude and latitude [24],
which in the investigated region was approximately 20 km. All these articles
agree that over a certain range, changes in dr do not significantly change the
grouping of the strokes.

The spatial and temporal limits chosen in this report to group strokes
into flashes are 15 km and 1 s respectively. These are not only based on the
autocorrelation plots, but also on the location accuracy of SAFIR found in
previous research. The spatial limit is then approximately twice the location
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accuracy of 6.1 km [20].

Strokes are grouped when they occur within these values for dt and dr
from the (first) reference stroke. This reference stroke gives the location and
time of the flash. If any of the strokes within the flash was classified as CG-
stroke, the whole flash is considered to be CG. If not, the flash is classified as
a CC-flash. This is in accordance to the flash conversion as done by Poelman
et al. (2013) and Driie et al. (2007) [19][10].

3.2 Matching of datasets

Whenever two flashes from both datasets are detected within 1 s and 15 km
of each other, this is classified as a match. If there are multiple flashes of
the other dataset that qualify, the one with the smallest dr is chosen for the
match. Flashes cannot be matched more than once. Any flashes that remain
are labeled as unmatched; category 'b’ or 'c’ in table [2] In this table system
B is the reference system.

System B: yes System B: no
System A: yes a (hits) b (false alarms)
System A: no c (misses) d (correct negatives)

Table 2: Contingency table example.

3.3 Contingency table scores

The probability of detection (POD) is calculated for all combinations of
datasets, in which all datasets take turn in being the ground truth refer-
ence. A POD of dataset A out of dataset B is calculated as follows (see table

)

POD(A out of B) = 58— * 100%

Another common contingency table score is the false alarm ratio (FAR)
with the following equation:

FAR(A out of B) = ~ _E p * 100%
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The POD and FAR values are a measure of overlap between system A
and B, where perfect overlap corresponds with a POD of 100% and FAR of
0%. The critical success index (CSI) is a measure of overlap which varies
between 0% (no overlap) and 100% (perfect overlap) and is calculated with:

CSI(A out of B) = * 100%

_a
a+b+c

These equations are very informative when validating forecasts with the
ground truth [25]. However, when comparing datasets with one another in
which one dataset is used as reference, the FAR value can be misleading.
FAR implicitly assumes that any unmatched detection in A is not real since
the reference B does not detect anything there as well. High false alarm ratio
values could also be caused by poor detection in dataset B. In this report,
the POD and FAR values are to be interpreted as indicators of how similar
lightning detections of two systems are, more so than how well they detect
lightning.

4 Results

4.1 Dataset characteristics

The results in this section are aimed to provide insight in the characteristics
of the datasets used in this report. These characteristics concern the area
of detection, the number of CC and CG strokes and flashes in FLITS and
KLDN, the stroke/flash ratio and temporal variation over the time period.

4.1.1 Coverage

The area where lightning discharges are detected varies between the systems
due to the placement of the sensors. In order to examine this in the datasets
used, the accumulated number of strokes and flashes of FLITS, KLDN and
ATDnet during the whole time period between 01-01-2010 and 31-10-2014
are compared. In figure 7| the number of total lightning, CC and CG strokes
are counted per area box of approximately 10 * 10 km?.

The scales are similar for maps of the same stroke type. As ATDnet does
not distinguish between lightning types and is expected to only detect CG
lightning, the total set is plotted twice with the same values. Once with an
axis range similar to the TL maps of FLITS and KLDN, and once with an
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axis range of the CG maps. ATDnet has global coverage, thought only the

NL21 subset has been archived at KNMI.

FLITS TL strokes KLDN TL strokes

ATD TL strokes

FLITS CG strokes KLDN CG strokes

FLITS CC strokes
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Number of strokes in bins of ~10*10 km
in the NL25 region

from 20100101 to 20141031 .

*Small box outlines KOUW-region.

**Symbols represent sensor locations

Figure 7: Accumulated number of strokes in area boxes of approximately 10
* 10 km? for total lightning (TL), CG and CC strokes of FLITS, KLDN and

ATDnet, together with sensor locations of the system.
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From figure [7|it is clear that the systems have a different coverage range.
FLITS has the most limited coverage. It is interesting to see that all strokes
FLITS detects north of the Netherlands over the whole time period are of
type CC, suggesting that the most northern sensor’s CG detection is lacking
or misclassified as CC lightning. FLITS also detects far more CC strokes
than CG strokes, and more CC strokes than KLDN. The sensor type in the
Météorage network is not consistent. The CC detection of KLDN is high-
est above France, which is likely due to the improved CC detection after
Météorage updated the sensors to LS7002. If all strokes detected by ATD-
net are considered CG lightning, this system detects most CG strokes. All
systems cover the KOUW-region, which is therefore the most suitable region
over which comparisons between systems can be made.

The same figure as figure [7is made for flashes, where strokes are grouped
based on a maximum spatial distance of 15 km and a temporal distance of 1
s. The accumulated TL, CG and CC flashes of FLITS, KLDN and ATDnet
are represented in the bottom 8 maps in figure 8| The map of ATDnet is
again represented twice with different axis. Additionally, in the top three
maps, the number of 10 minute intervals in which there is nonzero detection
is given for each system. If during a 10 minute period, at least 1 flash is
detected in the 10 * 10 km? box, this interval is a nonzero detection. The
accumulated number of such intervals is a measure of the capacity of the sys-
tem to detect if there is any lightning activity. This is particularly important
near airports where the exact number of detections are less important than
the omission of lightning altogether.

In the top three maps in figure [§ it becomes clear that FLITS most
often detects at least 1 lightning flash. These are likely often CC flashes, of
which FLITS detects significantly more than KLDN. It is important to note
that a high detection rate can both be caused by a higher sensitivity as well
as a larger number of false alarms. The nonzero detection values over the
whole period of KLDN and ATDnet are quite similar in the KOUW-region.
Similarly as for strokes, when all detections of ATDnet are considered CG,
this system detects most CG flashes. FLITS detects the smallest amount of
CG flashes.

4.1.2 Flash count dependence on dr-criteria

The number of flashes resulting from the dataset over a period of 1 year in
the KOUW-region is calculated for different values for dr in the flash conver-
sion. Figure [J] therefore represents the measure in which the flash count in
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Figure 8: Accumulated number of flashes in area boxes of approximately
10 * 10 km? for total lightning (TL), CG and CC strokes of FLITS, KLDN
and ATDnet, together with sensor locations of the system, where flashes are
grouped strokes with dt = 1 s and dr = 15 km. The top maps represent the
number of nonzero detection 10 minute intervals of each system; the number
of 10 min periods in which there was at least 1 lightning flash registered by

the system.




dependent on dr-criteria. The dt is constant at 1 s.
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Figure 9: Variation in number of flashes for different dr values for FLITS,
KLDN and ATDnet strokes in the KOUW-region from 31-10-2013 to 31-10-
2014.

The flash count in figure [9] seems to show no more significant decrease in
number of flashes at dr >25 km. A dr of 15 km would also be a safe value
as a grouping criterion for strokes to flashes. The graph that levels off at
the largest value of dr is FLITS CC. This is an indication of bad location
accuracy (LA), i.e. the distance error margin of detection. CC segment dis-
charges that are grouped together originate from different locations in the
streamer, which spread further in the horizontal direction than the mostly
vertically oriented CG flashes. The projection of the detection on the earth’s
surface by the detection system is therefore less accurate for CC lightning.
This corresponds with a larger LA and a slower decrease of flash count with
increasing dr.

Figure [0 shows that there are approximately 10 times more CC flashes

in FLITS than CG flashes. The CC/CG ratio is close to 1 for KLDN in this
period.

25



4.1.3 Temporal variation in the datasets

The period considered is 01-01-2010 to 31-10-2014. Temporal variations of
several aspects in the datasets have been evaluated. See appendix [A]for more
information.

e Most flashes occur between 16 and 19 UTC. A detection decrease at
night is found for ATDnet, most likely due to the diurnal influence on
VLF propagation. (Figure

e FLITS and KLDN have an average stroke to flash ratio of approxi-
mately 1.5, and ATDnet has a ratio of approximately 1.3. These ratios
fluctuate greatly over the time period though no clear trend is found.

(Figure

e The majority of lightning discharges occur between May and Septem-
ber. The relative detection between the systems does not seem to vary
significantly over the time period. (Figure

4.2 POD calculations

In this section the relative performance of the datasets is examined. The
POD values are calculated over the whole KOUW-region for different dr
values in order to verify if the choice of dr = 15 km is justifiable. Next the
regional variation of POD is examined by calculating the POD in sub-areas of
the KOUW-region, as well as temporal variations by calculating the monthly
POD in time. Next the POD is calculated with a reference of the overlapping
detections of the other two systems.

4.2.1 POD dependence of dr-criteria

The POD values between FLITS, KLDN and ATDnet are calculated with
different values of dr for stroke to flash conversion and dataset matching.
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Figure 10: POD for various values of dr in the flash conversion of TL strokes
and matching of datasets in the KOUW-region with dt = 1 s in the period
31-10-2013 to 31-10-2014.
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Figure 11: POD for various values of dr in the flash conversion of CG strokes
and matching of datasets in the KOUW-region with dt = 1 s in the period
31-10-2013 to 31-10-2014.
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Figures [10] and [I1] show that the dr is justifiable as for dr >15 km no
significant increases in POD occur. The POD of CG flashes seems to level
off at lower dr values than the TL flashes. This is in agreement with the
expected better location accuracy in CG detection. The POD outcomes of
TL are significantly different from the CG POD values, as will be discussed
in further detail in the following section.

4.2.2 Regional variations in POD

Figure 12: KOUW-region borders shown on map of the Netherlands [22].

In the so-called KOUW-blocks, 12 fixed rectangular regions (80 * 90 km)
that together span the area of the Netherlands (see figure , the POD is
calculated between FLITS, KLDN and ATDnet over the period between 01-
01-2010 and 31-10-2014. The same is done when only CG strokes in FLITS
and KLDN are considered, with TL of ATDnet. The POD values are calcu-
lated with flash conversion and matching done with the criteria dt = 1 s and
dr = 15 km. If a flash in the KOUW-region matches with a flash outside
this region, the flash is still labeled as a match. No faulty unmatched flashes
result from the border locations.
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Again big differences between CG and TL POD values are found, as
well as a large variability between KOUW-blocks. The POD over the whole
KOUW-region as well as the range of the 12 POD values in the KOUW-
blocks are given in table [3]

TL POD

CG POD

FLITS out of KLDN
FLITS out of ATD
KLDN out of FLITS
KLDN out of ATD
ATD out of FLITS
ATD out of KLDN

67.5 %: 39 to 85 %
52.0 %: 32 to 63 %
25.4 %: 22 to 34 %
BE3 %] 28 to 40 %
38.8 %: 33 to 44 %
62.1 %: 48 to 72 %

20008 12 to0 40 % |
16:2%: 4 to 12 %

15 %: 62 to 84 %
1204 %2 17 to 26 %
1725 %: 55 to 85 %
166.6 %: 51 to 78 %

Table 3: POD values in KOUW-region.

The first conclusion that can be drawn from table[3]is that the POD-range
between KOUW-blocks is quite large. Evidently the POD is very variable
per region.

These values can be compared with the flash findings of Poelman (2013)
et al.’s comparison between Météorage, SAFIR (LF only) and ATDnet in Bel-
gium as represented in table |1} in section The color signifies whether
the POD value has been found , lr similar to the value found
in table [l From this we find that FLITS performs less well in this compari-
son than SAFIR in Belgium during the 2011 and 2012 lightning season; The
CG POD from FLITS out of the other two system is lower, while the other
systems detect a larger fraction of FLITS CG flashes. KLDN detects a larger
amount of FLITS flashes in our study (though note that the VHF data of
the system is used here). However, the overlap between KLDN and ATDnet
is lower, as the POD values in both combinations are lower.

Without taking the previous study in Belgium into account, we can see
that the highest relative performance is found by comparing CG detection
of KLDN and ATDnet with FLITS. The reverse CG POD’s are the lowest,
meaning that the FLITS CG detection could be lacking. However, the TL
POD values of FLITS compared to KLDN and ATDnet are higher, while the
reverse values are smaller than the CG case, suggesting that FLITS detects a
lot of CC lightning which is either not detected or classified as CG lightning
by both other systems.
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ATDnet seems to detect a significant number of flashes not detected by
KLDN. This could be because Météorage sets the noise thresholds for label-
ing a signal as lightning higher than the thresholds used in ATDnet.

4.2.3 Temporal variations in POD

The POD value has been proven to change significantly when considering a
different area or type of lightning. In order to get an idea on the variability
of the POD in time, the POD has been calculated in the KOUW-region in
time bin sizes of 30 days during the 5 lightning seasons of 2010 to 2014.

The graphs are given in figures [32] and [33] in appendix [Bl They show a
large variability with shifts of up to 30% of the POD values in time, espe-
cially where ATD is involved. There does not seem to be a clear annually
recurring trend in the POD value. For the TL graphs, the POD values of
FLITS out of KLDN, FLITS out of ATD and ATD out of KLDN are often
the highest. For CG POD values the highest values belong to ATD out of
KLDN, ATD out of FLITS and KLDN out of FLITS.

4.2.4 POD and FAR with combined reference

The POD and FAR are again calculated for each KOUW-block, where the
dataset is compared with a dataset constructed from the matched values of
the two other datasets to create a more robust reference. The mean values
of time and location are used to construct matches. As before, dt = 1 s and
dr = 15 km in flash conversion and matching. This is also done when only
CG strokes of FLITS and KLDN are taken into account together with TL
of ATDnet. The calculations are made over de period 01-01-2010 to 13-10-
2014. As before, no faulty unmatched flashes are due to the border locations.

Remember: FAR(A out of B) = number of flashes found in A but not in
B / total amount detected by A.

There is a large variability between the KOUW blocks and between CG
and TL calculations, see figure [I3] In these figures, lines of equal critical
success index (CSI) is given as a reference. CSI is 100% for systems that
overlap completely, and 0% for systems that do not overlap at all.
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Figure 13: Plot of POD and FAR values of each of the twelve blocks in
the KOUW-region calculated in the period from 01-01-2010 to 31-10-2014,
with the diagonal line representing bias = 1, and values calculated for total
lightning and for CG strokes only. Curved lines of equal CSI show critical
success index.

Figure [L3| shows the variation in POD and FAR values within the blocks
of the KOUW-region, as well as the relative performance with the other
datasets. For perfectly matching detection performances the figure would
show the values in the upper left corner. We see in figure 13| that high POD
values often are related to high FAR values. The values right above the di-
agonal where the bias = 1 shows that a large fraction of the detection match
with the reference, though in addition a large number of extra detections are
made.

FLITS detects a larger number of CC flashes than the others while the
detection of CG is lower than that of ATDnet and KLDN. This means that
the reference becomes quite small for KLDN and ATDnet in the CG calcula-
tions, resulting in a large FAR. FLITS proves itself the most limited system
in CG detection with values left below the bias = 1 diagonal. It misses ap-
proximately 70% of the reference and finds relatively few flashes outside this
reference.

KLDN detects approximately 50% of the TL flashes in the reference of

KLDN and ATDnet. Similarly, half of its detections are not part of the TL
reference. Both POD and FAR increase in the CG calculation because of
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small CG detection of FLITS limiting the reference.

The large increase of POD of FLITS for TL compared to CG shows that
CC flashes are responsible for a large part of the overlap with the other sys-
tem’s matches, though this also results in a higher FAR, i.e. it detects flashes
not seen by both other systems.

From the higher CG POD and FAR values in KLDN and ATDnet com-
pared with FLITS it becomes clear that a significant number of CG flashes
are not found as CG flashes by FLITS.

4.3 Severe weather detection

On June 9th 2014, KNMI gave out a red weather alarm for the province
of Limburg because of extreme lightning. Because of the risk of lightning
strikes, it was advised to stay clear of open fields and away from high trees.
This day coincided with Pinkpop, an outdoor festival with 67,000 visitors
in Landgraaf, Limburg. The storm went in North-East direction, passing
exactly over Landgraaf between 18 and 19 UTC, when the festival was still
ongoing. During the most severe part of the storm the festival was put on
hold and the public was advised to stay on the field with emergency opera-
tors stand-by. Despite KNMI’s warning, the Pinkpop organization implored
the public not to panic claiming that the lightning storm would not hit the
location before the end of the festival. Though the storm passed the fes-
tival terrain without any casualties, the organization of the festival were
reproached for the way they handled the red alert.

KNMI plays an important part in warning the public for severe weather.
The weather warning in the case of Pinkpop festival was deemed justified in
hindsight, as the number of discharges were extensive, putting the public at
considerable risk. The use of a different lightning system should not affect
the situations in which KNMI gives out a lightning related weather warning.
Figure [14] shows the CG and CC flashes as detected by FLITS and KLDN
on June 9th 2014. The first thing that stands out is the differences between
the number of detections. During this event, FLITS detected far more CC
flashes and far less CG flashes than KLDN. Also the number of total light-
ning flashes detected by FLITS was higher than KLDN. With the historical
datasets of KLDN and FLITS, we can investigate all moments in the period
between 2010-01-01 and 2014-10-31 where FLITS would have detected severe
weather, and we can compare that to the detections by KLDN.
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Figure 14: Detection of CC and CG flashes by FLITS and KLDN during
Pinkpop 2014.

The so-called KOUW-system (Kansverwachtingen voor Onweer ten beho-
eve van Uitgifte Weeralarm), that predicts the probability of severe thunder-
storms, has made use of FLITS stroke output (i.e. CG strokes and grouped
CC segments) [22]. The criterion for a weather alarm for severe thunder-
storms is defined as at least 500 TL strokes within 5 minutes in an area of
50 * 50 km?.

When analyzing the historical datasets of FLITS, KLDN and ATDnet

from 01-01-2010 to 31-10-2014, the number of times the criteria for a weather
alarm are reached within the KOUW-region can be counted. In the evalua-
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tion of the stroke datasets this occurs on 14 days for FLITS, 2 days of KLDN
and on 7 days for ATDnet. We consider the moments that FLITS has de-
tected more than 500 strokes within an area of 50 * 50 km? within 5 minutes
as reference. We define severe weather peaks by grouping 5 minute intervals
that meet the criteria when they are part of the same storm; If there is not
more than 600 seconds and 50 km distance between these intervals where
the criteria are not met they are considered part of the same severe weather
peak. The resulting dataset consists of 25 severe weather peaks, occurring
on 14 unique days of the historical dataset.

Table 4] shows the number of KLDN severe weather peaks that coin-
cide with the reference of FLITS severe weather peaks ("Hit’) as well as the
times KLDN detects a severe weather peak where FLITS detects none ("False
alarms’). A hit is defined if the severe weather peak of KLDN overlaps (no
matter how briefly) in time and area with a severe weather peak of the FLITS
reference. The minimum stroke count criterion for severe weather peaks is
lowered for KLDN while the reference remains the same. The criteria of 50
* 50 km? area and the period of 5 minutes to define an interval of severe
weather remain constant, as well as the grouping of time intervals into severe
weather peaks.

KNMI issues a weather warning if there is a high probability of severe
weather. The most right column in table 4| states the number of days that
KLDN detects severe weather that coincide with a day where the KNMI has
given a thunder storm related weather alarm. The period considered here is
01-01-2010 to 31-10-2014.

Minimum stroke Hits False KLDN ..coinciding with

criterion alarms alarm days | KNMI alarm
days

500 strokes 1 out of 25 | 1 2 2

400 strokes 1out of 25 | 1 2 2

300 strokes 2 out of 25 | 6 ) 3

200 strokes 4 out of 25 | 20 15 6

Table 4: Severe weather detection.

From table [l it becomes clear that a reduction of the minimum stroke
criterion in KLDN is not the way to detect the same severe weather peaks
as FLITS with the original criterion. Not only is KLDN not even close to
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detecting the same storms as FLITS (4 out of 25 for a minimum stroke cri-
terion of 200 strokes), but the number of false alarms increases dramatically.
Similarly, the number of days where weather alarms are registered that do
not coincide with a KNMI weather alarm increases too.

When the historical datasets from 01-01-2010 to 31-10-2014 are exam-
ined, the number of 5 minute intervals where the stroke detection in a 50
* 50 km? area exceeds 500 are counted. Often severe weather lasts longer
than 5 minutes, and in that case the intervals follow one another. FLITS
detects 155 such intervals, KLDN 4 and ATDnet 45. In figure [15] the relative
detection of each system is represented in boxplots. In the 50 * 50 km? area
in the 5 minute interval in which there are over 500 stroke detections, the
number of detections of the other systems are counted and divided by the
exact number of detections of the system that gave the alert. This is done
for number of strokes (left) and flashes (right) where flashes are defined by
a maximum distance between strokes in time and space of dt = 1 s and dr
= 15 km.
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Figure 15: The stroke fractions (left) and flash fractions (right) between
non-alerting systems and alerting system for all intervals the alerting system
detects more than 500 strokes in a region of 50 * 50 km? within 5 minutes.
The fraction values are represented in a boxplot on a logarithmic vertical
axis. On top the number of values in the boxplot, namely the number of
intervals where the weather alarm criteria are met for that particular system
in the period between 01-01-2010 and 31-10-2014, are given.

If the difference in detection would be mainly due to differences in relative
sensitivity, there would be a more or less constant factor difference in detec-
tion within the same region and time. In that case the boxplots would show
little variation, as there would always be a similar factor difference between
the systems’ number of detections. From figure [15] this does not seem to be
the case for strokes as well as for flashes. The number of stroke detections of
KLDN during weather alarm intervals of FLITS vary between 0.5 and 0.005
of the stroke detections in FLITS (green boxplot).
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In some cases the boxplot span the area above and below one. For in-
stance the number of FLITS stroke detections when ATDnet detects more
than 500 strokes in 50 * 50 km? and 5 minutes is sometimes more and some-
times less than the exact number of stroke detections by ATDnet in this
interval. This suggests that the difference in detection between systems is
more complex than merely a factor difference due to sensitivity towards total
lightning.

We can examine this further by comparing KLDN detections with FLITS
during the severe weather intervals. If we consider all 155 of the 5 min
intervals between 01-01-2010 and 31-10-14 in which FLITS detects more than
500 strokes within 50 * 50 km? in the KOUW-region as a reference, we can
count the number of strokes (TL and CG only) detected by KLDN in the
same period and 50 * 50 km? area. These values are plotted in figure
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Figure 16: Number of KLDN and FLITS strokes during the 155 FLITS severe
weather intervals with linear fits.
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In order to detect the same severe weather intervals as FLITS, the thresh-
old for KLDN should be lowered to only 2 detections per 5 minutes in a 50 *
50 km? area. This would result in enormous amounts of false alarms, as was
hinted in table [4] in the beginning of this section.

Upon closer examination of the severe weather intervals of FLITS, a large
amount of the strokes detected in these intervals are CC strokes. The number
of CG strokes per interval in which there are at least 500 TL strokes detected
in a 50 * 50 km? area and 5 minutes by FLITS are shown in the histogram

in figure [17

80

% Total number of severe weather intervals: 155

60
|

Frequency
40
|

T T T T 1
0 20 40 60 80

Number of FLITS CG strokes during FLITS severe weather intervals

Figure 17: Histogram of the number of CG stroke detections of FLITS during
which the TL detection was at least 500 strokes per 50 * 50 km? area in 5
minutes.

As KLDN detects significantly less CC strokes compared to FLITS and
the weather alarm intervals consist mainly of CC strokes, entire severe weather
intervals are missed by KLDN.

The danger posed by severe thunderstorms is due to more than just
the lightning discharges themselves. Heavy lightning coincides usually with
heavy rainfall and strong wind gusts, both of which can cause significant
damage as well. As previous results pointed to the conclusion that the same
severe weather peaks in the historical dataset cannot be found by KLDN

38



stroke detection alone, the weather alarm criteria could be extended to a
more general weather warning. Not only number of lightning discharges, but
other meteorological data are considered as well.

The hourly meteorological variables of precipitation amount (RH) and
maximum wind gusts (FX) at the nearest KNMI automatic weather station
are examined for the FLITS severe weather peaks in the historical dataset.
Though in some cases the RH and FX values at the nearest KNMI station are
representative of severe weather, in almost all of the hours where measured
FX and RH are high a severe weather peak of FLITS occurs nearby.

We compare severe weather peaks of (combined) 5 minute intervals where
KLDN detects at least 70 CG strokes within an area of 50 * 50 km? with the
hourly meteorological data at the nearest meteorological station. Only CG
strokes are considered because they pose more risk to national safety. All
RH >6 mm and FX >1.6 m/s coincide with the severe weather peaks. Nev-
ertheless, many severe weather peaks occur when the other meteorological
variables do not report severe weather. This means that the severe thunder-
storm probably did not pass the station. Also, of the 15 unique days where
KLDN detects at least one severe weather peak, only 9 coincide with the 14
alarm days of the FLITS reference. However, a broader weather alarm could
be made based on the criteria that there should be a minimum of strokes
detected, as well as heavy rainfall and strong wind gusts. By deriving these
values from radar it becomes less likely that a storm is missed because of a
too large distance to the nearest stations. See figures [34] and [35]in appendix
[C] for detailed analyses.

4.4 Lightning Activity Detection (LAD)

The users of lightning detection systems are interested in the detection of all
lightning flashes. Though more importantly, it is vital that lightning storms
are not missed by the system. If a lightning detection system only detects
a fraction of the flashes in a certain area and time, the user still has infor-
mation on the occurrence of the lightning storm. However, if all flashes of
a lightning event are undetected, the user does not know lightning has oc-
curred in that period and region. In general, a lightning detection system is
more useful if it misses a fraction of the flashes, though detects all lightning
storms, compared to a system that misses entire storms. Especially when
lightning detections are used for severe weather warnings, the detection of
the first discharges in a storm are particularly important.
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In this study the POD is calculated for by matching each flash to a flash
detected by a different system. In the so-called Lightning Activity Detection
(LAD), we compare the datasets to one another in their ability to detect any
lightning activity over a certain time span in a predefined area. A match is
defined if both systems detect at least one flash in a fixed 10 * 10 km? area
over the time interval. Note that it does not matter if one system detects
many more flashes than the other. As long as at least one lightning flash is
found by both, the datasets match in this period in this area. If one system
detects lightning while the other doesn’t, this is labeled as an unmatched
detection. This method is derived from Poelman et al. (2013) [19].

_ matched area boxes between A and B
LAD(A out of B) = total detected area boxes of B +100%

Again, the false alarm ratio can be determined. This can be calculated
here with the following equation:

_ unmatched detection area boxes of A
FAR(A out of B) = total detected area boxes of A *100%

The following LAD values are calculated (area box size is 10 * 10 km? in

all):
e TL flashes with dt = 5 min
e CG flashes with dt = 5 min

CG strokes with dt = 5 min

TL flashes with dt = 1 day

CG flashes with dt = 1 day
e CG strokes with dt = 1 day

The LAD values are again calculated for any combination of systems
where one system is considered the reference. The LAD and FAR value for
each calculation is represented in the top panel of figure [18]

Because of the damage risks to aircrafts, airport policy forbids refueling,
takeoff and landing during lightning. The alert level for at least one dis-
charge within 10 km of the airport is amber, and red for 5 km [2]. The air
can be declared safe when there have been no discharges in these regions for
10 minutes. To compare the performance of the lightning detection systems,
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the LAD is calculated in the region with radius 5 km and 10 km around
Schiphol airport near Amsterdam, and Rotterdam airport. The considered
time period bins are 10 minutes. The resulting LAD and FAR values are
represented in the bottom plot in figure In these figures, lines of equal
critical success index (CSI) is given as a reference.

Several things become evident from the top figure

e LAD values are higher and FAR values are lower when a longer period is
considered. See figures [36) and [37]in appendix [D] for the dt dependency
of LAD and FAR.

e LAD and FAR are slightly better, i.e. higher CSI, for stroke detection
compared to flash detection.

e All detection system combinations (for strokes as well as flashes) have
similar TL LAD en FAR values, though these values differ greatly for
CG.

e Under the optimal conditions, where CSI is highest (TL, 1 day), the
systems agree in approximately 70% of the cases on the presence of
lightning.

The positions of the colors in the bottom graph in figure [18] are most in
agreement with the 5 min TL flash case in the top figure, as is expected.
From the positions of the pink and black colors in the upper right and the
positions of the dark blue and light green in the bottom left, we can con-
clude that FLITS detects most often non zero lightning near airports. FLITS
strokes are not detected by the other systems in approximately 60% of the
cases, since the LAD of light green and dark blue are approximately 40%;
KLDN and ATDnet would give out an amber flight alert (LAD of capital
letters) in approximately 50% of the times FLITS would, and 35% in case of
the red flight alerts (LAD of small letters). The FAR of approximately 20%
of KLDN and ATDnet out of FLITS means that in 20% of the KLDN and
ATDnet alerts, FLITS does not detect any lightning.

When considering only the months May-September (i.e. the lightning
season), the outcomes are slightly better than when the whole year is con-
sidered: the LAD is slightly higher and the FAR is slightly lower in all cases
(results not shown in graph).
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LAD values in KOUW region
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Figure 18: LAD and FAR values in KOUW-region in 10 * 10 km? boxes (top)
over the period between 01-01-2010 and 31-10-2014, as well as LAD and FAR
values of stroke detections within 5 and 10 km of the airports Schiphol and
Rotterdam (bottom). Curved lines of equal CSI show critical success index.



A similar comparison between SAFIR (LF only), Météorage and ATDnet
in Belgium over the lightning seasons of 2012 and 2013 by Poelman et al.
(2013) yielded LAD values between 83% and 95% and FAR values between
5% and 17% with same area box sizes and time bin size of 1 day [19]. Appar-
ently the system detections are more in agreement over Belgium than over
the Netherlands. This can also be due to the fact that we use a different
SAFIR dataset (with VLF included) than Poelman et al.

5 Discussion and conclusions

In order to gain insight in the anticipated changes of KNMI lightning de-
tection by the use of KLDN instead of FLITS, 5-year historical datasets of
FLITS, KLDN and ATDnet in the Netherlands have been analyzed. The rel-
ative performances of FLITS, KLDN and ATDnet have been examined with
special focus on severe weather detection and detection of lightning activity.

Though the relative performance has been shown to fluctuate in time
and location, we can draw conclusions from the average POD values in the
KOUW-region. As the POD of FLITS out of KLDN and out of ATDnet
decreases significantly when only considering CG lightning, we can conclude
that FLITS detects only a small amount of the CG flashes detected by other
systems, although it compensates this by higher CC detections. This is in
accordance with FLITS’s CC:CG detection fraction of approximately 10:1.
It is likely that FLITS misclassifies CG detections as CC.

From the relative detection of KLDN and ATDnet, we see that the POD
of ATD out of KLDN does not differ much between TL and CG. However, the
fraction of ATDnet flashes that KLDN detects is larger in TL compared to
CG. This means that a considerable amount of KLDN CC detections over-
lap with ATDnet detection. As ATDnet is expected to mainly detect CG
discharges, this result indicates that either ATDnet detects more CC flashes
than assumed, or that KLDN misclassifies CG detections as CC.

The increase of POD and FAR of FLITS TL vs CG calculated with a
reference of matches between KLDN and ATDnet reaffirms the importance
of CC flashes in the overlap with the other systems. It could be interesting
to calculate the FAR with a reference where at least one of the two other
systems detect a lightning flash as the reference of flash matches results in
very high FAR values that give limited information.
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Even though misclassification may occur in both systems, the number
of flashes in FLITS far exceeds KLDN. This diminishes the number of times
KLDN would reach the weather alarm criterion of 500 TL strokes within 50 *
50 km? within 5 minutes. Upon examination however, the situations in which
FLITS reaches the weather alert criterion are not found by KLDN by just
diminishing the number of discharges in the weather alarm criterion. The
number of strokes detected by KLDN during FLITS severe weather peaks
vary between several hundreds to values below 10, therefore making it im-
possible to distinguish these severe weather peaks from non-severe weather.

There has been discussion about the usefulness of the weather alarm cri-
terion, as it considers TL strokes. The number of strokes in a flash are not
directly relevant for safety considerations. Though TL has been suggested
to be indicative of the severity of thunderstorms, CG lightning poses more
risk for the general public than CC lightning. It could therefore be argued
that the weather warning criterion should address CG flashes instead of TL
strokes. Though KLDN is better in detecting CG, the severe weather peaks
of FLITS consists mostly out of CC detections. The CG flash count weather
alarm criterion should therefore be extended with criteria on meteorological
conditions like rainfall and heavy wind gusts.

The lightning activity detection calculations show that all systems agree
on the occurrence of lightning in approximately 70% of the cases for TL
flashes over the span of a day, but disagree significantly when CG lightning
and shorter timespans are considered. The LAD and FAR values found in
the Netherlands are worse compared to the results with similar systems and
the same calculations in Belgium [19].

The amber and red alerts that communicate negative refueling, takeoff
and landing advise are based on the occurrence of lightning in a radius of
respectively 10 and 5 km around an airport. The LAD values around Rotter-
dam airport and Schiphol show that KLDN would agree with approximately
50% of the amber alerts and 35% of the red alerts given out by FLITS. Sim-
ilarly, FLITS agrees with approximately 80% of the amber alerts and 65% of
the red alerts given out by KLDN. This shows that the change from FLITS
to KLDN results in significantly different flight alarms.

In summary, the lightning detection systems of KLDN and FLITS differ

significantly. The coverage of KLDN extends much farther than FLITS, and
FLITS detects no CG discharges in the north of the Netherlands (because

44



of a faulty sensor). Though both KLDN and (especially) FLITS are likely
classifying CG discharges as CC, KLDN detection performance regarding CG
flashes is probably better. The large number of CC discharges measured by
FLITS results in the detection of a relatively large number of so-called severe
weather peaks while KLDN falls short in this respect. Adjusting the weather
alarm criterion for severe thunderstorms in a manner that the same severe
weather peaks are found by KLDN has been proven unsuccessful. A weather
alarm criterion for severe thunderstorms based on meteorological variables
like wind gusts and precipitation as well as lightning discharges is suggested.
Similarly, negative flight advice alerts for thunderstorms/lightning will be
significantly different with KLDN compared to FLITS.

The conclusion that FLITS and KLDN detect different aspects of a light-
ning storm with a poor agreement of historical datasets has severe impacts on
the applications that were made for the FLITS detection system. Météorage
could do a ground truth campaign of high-speed camera observations in the
Netherlands similarly as the one in Belgium [20], especially since the POD
and LAD values found in the Netherlands are lower than those found in
Belgium with similar systems [19]. This would give information on the pos-
sibility that KLDN CG lightning detection is an improvement compared to
FLITS. An on location lightning validation campaign could give conclusive
evidence on the ability of KLDN to detect CG lightning near airports. How-
ever, the fewer CC detections by KLDN (due to the LF sensors) could result
in reduced capacity to warn airports for lightning activity, regardless of good
CG detection.

Severe weather detection with KLDN will likely not be done with light-
ning stroke count alone. In a similar fashion, solutions for lightning monitor-
ing and airport warnings could be found by an extending on KLDN lightning
data with other meteorological variables. If these solutions are not sufficient,
KNMI has to decide whether the current application on the lightning detec-
tion system should be maintained. If so, a prolongation of the FLITS system
should be considered. If the maintenance of the applications warrants the ad-
ditional costs of the upkeep of FLITS for CC detection KNMI could combine
the data of FLITS and KLDN (and possibly even ATDnet) for CG detection
and thereby monitor total lightning in the Netherlands.
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6 Epilogue: The potential of infrasound for
lightning detection

6.1 Introduction

As large reliable ground truth datasets of lightning discharges are difficult
to obtain, validation of detection systems are often done by comparing sev-
eral systems to one another [19][I0]. A new approach is to use data from
infrasound arrays that are installed for nuclear test-ban treaty verification
purposes, thereby possibly providing a validation technique without addi-
tional costs. By comparing the measured infrasound data with three ground
based electromagnetic lightning detection systems in a case study of a thun-
derstorm in the Netherlands, the potential of using infrasound for lightning
detection can be examined.

6.1.1 Infrasound lightning detection

Besides electromagnetic signals lightning events emit acoustic signals as well.
Transport of charges through the lightning channel heats it to temperatures
of up to 30,000 K and the resulting expansion of air (over 10 atm) causes
the thunderous sound [4]. Besides audible sound from channel expansion,
(for humans) inaudible infrasound (<20 Hz) is produced in the cloud base
[21]. Dessler (1973) describes a model of this process, first suggested by Wil-
son (1920) [9]. In a charged area of the cloud, charged water droplets repel
each other. The electrostatic field reduces the atmospheric pressure in the
charged cloud area. The repellence suddenly stops when a lightning stroke
neutralizes the cloud region. The sudden compression as the atmospheric
pressure restores is believed to produce infrasound pulses. This signal has a
strong vertical orientation [IT]. However, the exact mechanism causing in-
frasound in thunderstorms is often debated [§] [5]. Nevertheless, infrasound
from lightning is easily discriminated from infrasound originating from other
sources, with a dominant frequency of 3.9 Hz for CG lightning. [3].

Infrasound can be detected with a microbarometer. In an array of micro-
barometers the arrival time difference of the wave signal between elements is
calculated. This determines the direction and apparent velocity of the signal.
With the apparent horizontal sound velocity measured by the array the ele-
vation angle of the signal can be determined, i.e. apparent speeds larger than
the speed of sound indicate a source at higher altitudes (see figure . By
combining angles of arrival (azimuth and elevation) and arrival times from at
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least two arrays, the infrasound-sources can be localized. The effects of wind
and temperature on sound velocity are ignored. A direct path of propagation
is assumed, as the signal-to-noise ratio (SNR) is not sufficient for infrasound
propagating inside the atmospheric waveguide (i.e. an indirect non-straight
path) [12].

At=t2-t1

Capp =rapp / At
Ceff = reff / At

Ifaa>0
rapp > reff \ Infrasound
Capp > Ceff

‘“source

Figure 19: Schematic representation of infrasound detection with two array
instruments of sources at higher altitudes, where r.ss is effective path, r4p),
is apparent path, t; and ¢, are arrival time at the instruments and Cef f and
Capp are effective and apparent velocity respectively.

6.1.2 Validation

Assink et al. (2008) aimed to link combined VHF and LF electromagnetic
lightning detections from SAFIR to infrasound data at two stations. Local-
ization of lightning discharges from cross bearing the two infrasound datasets
has been unsuccessful due to too large distances between stations (145 km
apart). Good correlations between CG discharges as measured by SAFIR
and infrasound data were found up to 50 km distance from the infrasound

array. The deviation in theoretical and observed back-azimuth was found to
be 4.6 + 3.2° [3].

Farges and Blanc (2010) found a good correlation between data from one
infrasound array and Météorage’s LF electromagnetic detections of CG dis-
charges within 150 km. The low detection efficiency of 5% was attributed to
the notion that subsequent strokes in a flash are measured as one, the long
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duration of an infrasound signal (10 s) resulting in missed discharges, and
thirdly the low signal to noise ratio in signals that travel through the light-
ning storm [12]. Distant lightning (>60 km) could not directly be associated
with infrasound signals [L1].

Chum et al. (2013) match infrasound data with flashes within 40 km
distance consisting of grouped electromagnetic EUCLID lightning detections
close together in space and time. Infrasound pulses were successfully as-
sociated with CC discharges, where the ability of infrasound to detect CC
lightning was shown. The research also supports the theory that the infra-
sound is produced by a change in the electrostatic field (and resulting sudden
contraction in the cloud base) instead of the heating channel [§].

In previous papers electromagnetic lightning detections of CC as well as
CG have successfully been linked to infrasound data at relatively close dis-
tances. Cross bearing infrasound has the potential to generate localizations
of lightning. In this chapter a case study is examined to determine the rel-
ative performance of infrasound detections with electromagnetic lightning
detection systems.

First, infrasound localizations from two stations spaced 22.3 km apart are
compared to the localizations from electromagnetic detection. Secondly, the
incoming infrasound signals at the individual arrays are linked to lightning
localizations as detected by three electromagnetic detection systems. The
predisposition towards CC/CG detection in infrasound is evaluated. Special

focus lies on the use of elevation angle as measured in infrasound to determine
the height of CC and CG sources.

6.2 Method

6.2.1 Infrasound detection

For this research two infrasound array stations in the Netherlands located at
22.3 km distance from each other are used. The dbn array is located at de
Bilt and consists of 6 instruments in a triangular shape spaced approximately
30 m apart. The cia array located at Cabauw also consists of 6 instruments
that are placed in a pentagonal shape spaced approximately 100 m apart (see

figure [20)).
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Figure 20: Infrasound array lay-out of dbn station in de Bilt and cia station
at Cabauw.

With the time aligned incoming signals of all instruments a ‘best beam’
is found that gives the direction and velocity (energy) corresponding to the
maximum coherence of the time aligned signals. Different beams directions
and trace velocities are evaluated, defined by a square slowness grid from
-0.01 s/m to 0.01 s/m existing of 150 steps (22500 beams). Coherency is de-
termined by Fisher statistics, in which the Fisher ratio is used as a measure
for coherency [14].

The distance between array instruments determines the range of infra-
sound that can be detected. If the wavelength is too long compared to the
distance between instruments (i.e. low frequency), the infrasound signal can
be detected but beamforming, or other array processing, no longer works be-
cause of the weak/no obervable time difference between instruments. If the
wavelength is too short compared to the distance between instruments (i.e.
high frequency), there is the chance of aliasing, meaning that non-related
signals are correlated, which results in wrong best beam solutions. The in-
struments in dbn are spaced more closely together than the instruments in
cia. Besides the differences in detection range, this shorter distance in dbn
also means that there is less atmospheric influence on the signal during travel
time between elements in dbn station. The array data contains arrival time
of events, Fisher ratio (measure of signal-to-noise), back-azimuth (direction
angle towards the signal with North as 0°) and the apparent velocity.
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It is assumed that the infrasound propagates with a constant effective
speed of sound (Ceff) from source to the array in a direct path between
source and array. This is assumed because the high frequency infrasound
signal from lightning travels shorter distances, and by focusing on direct
propagation the attenuation is minimized. If the apparent velocity (Capp),
i.e. the velocity of the signal as if projected on the horizontal surface, exceeds
the effective speed of sound, the signal travels from an elevated angle. This
angle is calculated with the following equation.

Ceff
Capp

)

o = cos *(

However, wind and atmospheric effects like pressure and temperature influ-
ence the effective sound speed as well as distort the signal itself. It is assumed
that wind and atmospheric effects on propagation are integrated in the ap-
parent velocity.

Because of the difference in array lay-out, dbn is more sensitive to the
high infrasound frequencies that originate from lightning, making the raw dbn
dataset larger than cia. The raw datasets are filtered to minimize noise with
minimal values for apparent sound speed and Fisher ratio. The threshold
for apparent sound speed is 300 m/s, which is lower than the assumed tro-
pospheric effective sound speed of 340 m/s (for atmospheric temperature of
13.5° C) to account for wind, with wind speeds up to 40 m/s. The Fisher ratio
(F) is related to signal to noise ratio with the relation: SNR? = (F —1)/C
[3] where SN R is the signal to noise ratio and C'is the number of instruments
in the array. For a signal to noise ratio of 1, the Fisher ratio for the array
stations in Cabauw and de Bilt should be 7. The actual chosen Fisher ratio
thresholds are 3 for cia and 6 for dbn, in order to remain a number of events
comparable to the number of detections in the electromagnetic lightning de-
tection systems. These different thresholds likely result in a cia dataset with
more non-lighting originated signals than in the dbn dataset.

6.2.2 Lightning localization with infrasound arrays

The apparent velocity is the projected horizontal velocity of the incoming
wavefront across the array. It describes the horizontal velocity of the signal
traveling towards the array from the location of the source as projected on
the earth’s surface. This 2D approach is used to localize lightning events
from cia and dbn data. A localization is defined if the back-azimuths of the
detected signals at dbn and cia intersect and the following equation is true.
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Here ta is the signal arrival time at that station, r is the distance between
array station and back-azimuth intersection, C'app is the apparent velocity
and dt is the time offset. If the stroke time calculated from both arrays does
not deviate more than the maximum allowed =£4t, the stroke time is assumed
to be the mean of the two outcomes. Note that it is assumed that the signal
travels with the constant C'app value, as determined at the infrasound array,
from source to receiver.

As the location is obtained by the intersection of back-azimuths, maxi-
mum location accuracy is obtained when the intersecting back-azimuths are
perpendicular. Similarly, intersections at large distances are determined with
a lower location accuracy. If multiple combinations between cia and dbn
qualify, the combination with the smallest time offset is chosen. No double
matches can be made.

All combinations of incoming infrasound signals within 74.3 seconds of one
another are evaluated, as this is the maximal arrival time difference of a sig-

nal between dbn and cia at the slowest allowed apparent velocity (%).

The localization may be the projection of a source at higher altitudes on the
earth’s surface. The matches result in a dataset of 2D locations and stroke
times as found by the infrasound data in dbn and cia.

6.2.3 Matching electromagnetic localizations with single-array in-
frasound signals

The localizations in FLITS, KLDN and ATDnet can be matched with the
infrasound data from respectively dbn and cia in a similar manner. Infra-
sound signals are less accurate detected when the signal has travelled farther
distances, so detection areas of increasing radius up to 120 km are investi-
gated. An infrasound event is compared to all electromagnetic detections
occurring in the previous 400 seconds, i.e. the time it takes an infrasound
signal to travel 120 km at the lowest allowed apparent velocity. A match is
defined if the calculated and observed back-azimuth angle deviates less than
an allowed angle offset (ddeg) and the following equation is true.

ta — =ts+ 0t

Capp

o1



Here ta is the arrival time of the signal at the array station, r is the distance
between the discharge location as found by FLITS/KLDN/ATDnet and the
array station, ts is the stroke time as found by FLITS/KLDN/ATDnet and
0t is the time offset that lies between the maximum +0t. The apparent ve-
locity is used as it is assumed that the 2D location is the projection on the
earth’s surface if the lightning source is at an altitude.

If multiple combinations comply to the criteria, the combination with the
smallest time offset is chosen. No double matches are allowed.

6.3 Results

The case of July 27th 2013 between 9 and 11 UTC was chosen for its high
amount of discharges in the region around the dbn and cia station. The
storm moved in the Northeast direction over the two stations. During this
time interval the number of strokes detected in the area within 120 km of
the point between cia and dbn was 4,736 by FLITS, 3,749 strokes by KLDN
and 4,922 strokes by ATDnet.

Multiple strokes could be part of the same lightning flash. By grouping
the lightning strokes based on temporal and spatial distance, the datasets
can be converted into datasets of flashes and can thereby be more accurately
compared to other flash datasets [I3] [10] [19]. The resulting number of
flashes by grouping based on a spatial separation <15 km and a temporal
separation <1 s within 120 km of the center becomes 2,967 for FLITS, 1,661
for KLDN and 2,677 for ATDnet.

The raw infrasound data has been filtered as described on page [50} The
remaining number of events in the infrasound datasets (including the 400

seconds after 11 UTC to allow for delayed arrival time) is 932 for cia and
2,414 for dbn.

6.3.1 Cross bearing cia with dbn

First the allowed time offset between signal arrival time at cia and dbn is
determined. In order to do so, the time offsets are calculated for any match
that is found with the maximum time offset of 25 s. The result is plotted in
the histogram in figure [21]
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30

20
1

Frequency
15
|

time offsetin s

Figure 21: Arrival time difference at cia station compared to arrival time at
dbn of all array matches found with maximum allowed time deviation of 25
s, with vertical lines at + 5 s.

A perfect propagation model would have zero time offset. However, the
model used and its assumptions introduce propagation errors and uncertain-
ties which can lead to false matches. The time offset histogram in figure
can help define sensible limits of good matches. Figure [21| shows that most
matches have a time offset within + 5 s. A broader matching range will
generate more false matches. The maximum time offset is therefore set to 5
s. The 200 matches found by cross bearing of cia and dbn with this maxi-
mum +0¢, are given in figure 22| See the detections of the electromagnetic
lightning detection systems in figure [23| for comparison.
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Figure 22: Matches found by cross bearing cia with dbn infrasound data of
27-07-2013 between 9 and 11 UTC, where color represents time of discharge.

FLITS

Figure 23: Lightning discharge detections of respectively FLITS, KLDN and
ATDnet on 27-07-2013 between 9 and 11 UTC with the same color scheme

as figure [22]
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ELDS reference: yes | ELDS reference: no
Infrasound dataset: yes hits false alarms
Infrasound dataset: no misses correct negatives

Table 5: Contingency table.

Assuming that the electromagnetic lightning detection systems (ELDS)
accurately represent the lightning discharges, we can calculate the relative
performance of the infrasound dataset with the probability of detection equa-
tion, based on the values in the contingency table [5

_ hits
POD = hits + misses
The flash datasets are used in this comparison, and matches (‘hits’) are de-
fined if two detections occur within 5 seconds and 15 km of each other. The
POD is calculated for areas of ever increasing radius from the center point
between the dbn and cia stations.

o _|
= —— cia & dbn matches out of FLITS
cia & dbn matches out of KLDN
o - — cia & dbn matches out of ATD
S © T
S
)
(]
o <t -
N p—
o p—

I I I I I I
20 40 60 80 100 120

region radius (km)

Figure 24: POD of cia and dbn matches with FLITS, KLDN and ATDnet
flashes at ever increasing area size around the center point between cia and
dbn station.
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FLITS | yes | no KLDN | yes | no ATDnet | yes | no
yes 28 | 172 yes 5 | 195 yes 15 | 185
no 482 | - no 129 | - no 316 | -

Table 6: Contingency tables of FLITS, KLDN and ATDnet with infrasound
dataset in 30 km radius area around center point.

Figure shows that the POD values of cia and dbn matches out of
FLITS, KLDN and ATDnet flash datasets are highest at closer distance to
the station. Note that the POD values on the smaller areas are based on
a smaller number of detections compared to the calculations over the entire
region and are therefore not as robust. To give an impression on how well the
datasets match, the contingency tables [6] with FLITS, KLDN and ATDnet
are given below. The considered area is the area with radius = 30 km from
the center point.

Taking into consideration the equations for False Alarm Ratio FAR =

false alarms _ hits
false alarms + hits and POD = hits + misses’ "¢ 5% that FLITS as the

reference truth results in the highest POD (5.5% against 3.7% in KLDN and
4.5% in ATDnet) and lowest FAR (86% against 97.5% in KLDN and 92.5%
in ATDnet). KLDN as reference truth gives the lowest POD and highest
FAR, and is therefore the poorest match with the cia dbn dataset.

6.3.2 POD of individual arrays

The cia station detects significantly less events than dbn. In order to see
how well they each match with the electromagnetic systems, the individual
POD is calculated. For this purpose, the infrasound datasets are compared
to FLITS, KLDN and ATDnet respectively with an allowed deviation in ob-
served vs calculated back-azimuth angle of 10° and maximum time difference
of 5 s. Note that the angle deviation results in lower location accuracy at
larger distances. The matching is done with the stroke datasets. This is be-
cause the infrasound detection is on a larger timescale than electromagnetic
lightning detection, and will not match with multiple strokes of the same
flash [12]. The localizations are represented in figure [25]
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FAR (%) | FLITS | KLDN | ATDnet
cia 751 | 819 | 76.3
dbn 727 | 811 | 743

Table 7: FAR values of cia and dbn out of FLITS, KLDN and ATDnet
respectively.

Matches with cia Matches with dbn
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Figure 25: Matches found between cia and dbn with ungrouped datasets of
respectively FLITS, KLDN and ATDnet on 27-07-2013 between 9 and 11
UTC.

The FAR and the POD give a quantitative description how well cia and
dbn match with lightning detection systems. The FAR results given in table
show that approximately 3 out of 4 detections in cia and dbn are not at-
tributed to a flash found by FLITS, KLDN or ATDnet.

The POD values describe the percentage of lightning events also detected
by cia and dbn. Because of the timescale of the infrasound detection, all
matches from figure are considered flashes. This flash dataset is then
compared to the total flash datasets of FLITS, KLDN and ATDnet to cal-
culate the POD values.

As the accuracy of infrasound detection decreases for localizations at large
distances, and the use of an allowed degree deviation as matching criterion
becomes less accurate further away from the array station, the POD is cal-
culated for area sizes of increasing radius from the center point between the
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array stations. This is shown in the upper left graph in figure 26, The same
is done when only the CC or CG flashes in both datasets are considered in
the bottom two graphs of the same figure.

TL flashes TL flashes, combined ground truth
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Figure 26: Area size dependent values of POD for TL, CC and CG flashes
of cia and dbn with respectively FLITS, KLDN and ATDnet on 27-07-2013
between 9 and 11 UTC. The graph in the right upper corner describes the
POD values when the reference is a dataset of discharges that are found by
all three datasets.

The FLITS dataset of this storm has a CC:CG ratio of approximately
35:1. KLDN has a CC:CG ratio of 1:3. These detection ratios are constant
over the whole region. Thus the POD calculations with KLDN CC flashes
and especially FLITS CG flashes are based on a small dataset, and are there-
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fore less robust than the other POD values.

6.3.3 Source height determinations

Matching infrasound array data with localizations from electromagnetic light-
ning detections systems provides a distance and an elevation angle (a) from
the array to the CC and CG discharges. Here o was calculated as described
in section with Ceff = 340 m/s. With the assumption that the in-
frasound signal travels in a straight path the height of the source can be
calculated with h = r*tan(«a) where h is the height and r is the 2D distance
between array and the discharge location as projected on the earth’s surface.

Special distinction is made between CC and CG discharges in order to
see if the origin of the infrasound location differs between lightning types.
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FLITS & dbn matches
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Figure 27: The heights of matches between dbn and FLITS, KLDN and
ATDnet. In KLDN and FLITS the stacked CC and CG discharges are rep-
resented with different colors. Values above 30 km altitude are mentioned in
the top right corner.
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FLITS & cia matches
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Figure 28: The heights of matches between cia and FLITS, KLDN and ATD-
net. In KLDN and FLITS the stacked CC and CG discharges are represented
with different colors. Values above 30 km altitude are mentioned in the top
right corner.

Figures and show the calculated heights of infrasound sources.
There are significantly more matches with FLITS of type CC, though the
CG heights vary over the same range as the CC heights. CC and CG also
do not differ in height from each other in the matches between the arrays
and KLDN. Also, the majority of the calculated altitudes exceed by far the
expected source height, namely the cloud base. Values of several tens of
kilometers are highly unlikely for lightning related infrasound sources, thus
clearly indicating the shortcomings of the linear propagation model.
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6.4 Discussion/conclusions

The cross bearing of the array stations dbn and cia provides a dataset of
possible discharges. The number of discharges is far less than the number of
lightning detections from electromagnetic systems, resulting in a low POD.
This is mainly because the cia array detects far less events than dbn, which is
likely caused by the large distance between array elements in cia. For a bet-
ter detection of infrasound signals from lightning discharges, an array with
more closely spaced instruments is required. The highest POD (5.5%) and
lowest FAR, (86%) were found with FLITS as reference. The cross bearing
compared with KLDN generated the poorest match.

The individual matches between dbn and the flashes detected by the elec-
tromagnetic systems results in far higher POD values, especially for KLDN
with a POD over 40%. Highest POD values were found in the region with
a 40 km radius. However, the FAR values are also highest with KLDN (~
81%). As cia consists of a lot less detections, the cia POD values are low.

Questions can be posed regarding the accuracy on CC and CG distinc-
tion by KLDN and FLITS. The number of CC detections by FLITS is very
high. The calculated POD values are not significantly different for CC and
CG flashes. If the source of infrasound would be the heating channel during
a discharge, a lower infrasound source altitude would be expected from CG
lightning. The heating channel in CC lightning is generally at higher alti-
tudes.

Both CC and CG discharges have been attributed with high infrasound
sources. However, these results are not conclusive regarding the question
whether the cloud base is the location of infrasound sources for all lightning
types. The height calculation seems too simplistic, as the outcomes are too
high to be realistic. Instead of assuming linear propagation of the infrasound
signal, a more advanced wave propagation model is required. This will result
to a smaller time offset and lower false matching. Improved 3D localization
makes a more accurate heigth estimate possible, as well as probably result
in a larger overlap with the electromagnetic lightning detections.

Though these results rely on a single case study, the following conclusions
can be drawn. Lightning detection with infrasound arrays could be possible
for two arrays at close distance (=~ 25 km) with instruments spaced not too far
apart (= 30 m). The first step towards lightning detection with infrasound
is to improve the wave propagation model used in the analysis.
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A Temporal variation in the datasets

A.1 Temporal distribution of flashes

The number of flashes is calculated for KLDN, FLITS and ATDnet are di-
vided in bins of 1 hour in order to get insight in the distribution of flashes
for each database. The chosen region is KOUW (as figures [7| and [8] show

that all systems have good coverage here) over the period from 01-01-2010
to 31-10-2014, with a dt = 1 s and a dr = 15 km.

—— FLITS flashes
KLDN flashes
—— ATD flashes

Count
! !

10000 20000 30000 40000 50000 60000 70000
|

4 8 12 16 20 24

Time (hour UTC)

Figure 29: Flash count of FLITS, KLDN and ATDnet distributed in one-
hour bins representing the hour (UTC) in which they occur. Strokes in the
KOUW-region are grouped with dt = 1 s and dr = 15 km.

The detection system with most flash detections is FLITS. FLITS has the
highest detection at almost all hours of the day, with the exception between
5 and 12 UTC, where ATDnet shows more detections.

KLDN is most constant in time and shows the least diurnal variation.
The secondary peak at 12 UTC which is present in all three datasets is ex-
clusively due to summer thunderstorms occurring around this time between
June and August in the years 2010, 2011 and 2013. In winter seasons, light-
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ning predominantly occurs later in the day.

ATDnet shows a diurnal decrease in performance at night, though detects
more flashes than FLITS and KLDN during the secondairy peak at 12 UTC,
a time in which the performance of ATDnet is not inhibited by variations in
the ionosphere.

A.2 Stroke/flash ratio

The number of strokes and flashes are counted for FLITS, KLDN and ATD-
net in 30 day bins. The values are the average number of strokes per flashes
in the KOUW-region in 30 days.
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Figure 30: The ratio of the amount of strokes and flashes in periods of 30 days
in the KOUW-region for FLITS, KLDN and ATDnet, with flash conversion
that uses dt = 1 s and dr = 15 km. The graph shows no value in 2 30 day
periods, where the accumulated detection of KLDN was zero.

KLDN and FLITS in figure show similar average strokes per flash,
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followed by ATDnet. This corresponds with the notion that ATDnet mostly
only detects the first return stroke in a flash. There seem to be no dramatic
systematic changes in stroke/flash ratio during the time span of the datasets.

A.3 Event count

The number of strokes accumulated in bins of 30 days is given over the whole
period between 01-01-2010 and 14-10-2014 for FLITS, KLDN and ATDnet
in the KOUW-region. Next, the number of flashes is calculated with dt = 1
s and dr = 15 km and given in the same figure. These values are given on a
linear and logarithmic axis in figure 31} Changes in the (relative) detection
counts over time would suggest a change in the network that influences the
detection performance.

In the top panel in figure there seems to be no obvious variations
in time in the relative detection of the datasets. In thunderstorm seasons,
FLITS detects a large number of strokes. From the bottom panels with
logarithmic axes, it becomes clear that in periods of scarce lightning events
FLITS detects more strokes and flashes than KLDN and ATDnet. In several
instances KLDN and ATDnet detection counts are (near) zero while FLITS
detects several tens of strokes or flashes. The shape of the stroke curves and
the flash curves are similar in all datasets.
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Number of strokes and flashes per 30 day bin in KOUW region
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Figure 31: Number of strokes and flashes per 30 days in the KOUW-region in
the period between 01-01-2010 and 14-10-2014 plotted on a linear axis (top)
and a logarithmic axis (bottom).



B Temporal variations in POD

The POD values of any combination of FLITS, KLDN and ATDnet have been
calculated for 30 day bins in the lightning season from May to September (i.e.
lightning season) in the period between 01-01-2010 and 31-10-2014. In these
calculations the total lightning flashes in the KOUW-region are matched
with dr = 15 km and dt = 1 s. Over the whole timeline, 8 days are excluded
because of missing days in one of the datasets. The POD calculations of both

TL and CG flashes are calculated, see figures [32 and [33]
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C Meteorological conditions during severe weather
peaks

In the following two plots, the meteorological data of the nearest station is
plotted for all severe weather peaks. In figure |34 these severe weather peaks
are all moments where FLITS detects at least 500 TL strokes within 5 min-
utes in an area of 50 * 50 km?. In figure the severe weather peaks are
all moments where KLDN detects at least 70 CG lightning strokes within 5
minutes in an area of 50 * 50 km?.

In figure34]the hourly precipitation amount (RH) and the maximum wind
gusts (FX) are given for the severe weather peaks between 01-01-2010 and
31-10-2014. The values of the nearest station for the hour in which the severe
weather peak occurs are used. Only the unique values are represented in the
scatter plot (i.e. if the storm moves closer to a different station or occurs in
multiple hours, all relevant FX and RH values are given). All hourly values
in de Bilt are plotted as a reference. Labels represent date, time (UTC)
and station number of (part of) the severe weather peak. Note: one outlier
is excluded in the graph; at 28-06-2011, 19 UTC, station 356 (Herwijnen)
registers FX of 20 m/s and RH of 79.0 mm.

In figure 35| information is added related to whether or not the severe
weather peaks match the severe weather peaks of FLITS in figure 34 Sim-
ilarly as in figure [34] the RH and FX values of the nearest station in that
particulate hourblock is given with colored dots. Red dots are all KLDN
severe weather moments that do not match with a severe weather moment
by FLITS with the 500 TL stroke criterion (the colored dots in figure . If
both KLDN and FLITS detect a severe weather peak with their respective
stroke criteria, the dot is colored in blue. The date in the label is violet if it
matches a date on which FLITS detects a severe weather peak as well. If the
date is colored black, KLDN has detected a severe weather peak on a day
that FLITS does not. Labels are only given for RH larger than 4.0 mm and
FX larger than or equal to 15.0 m/s.
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Figure 34



From figure it becomes clear that while some severe weather peaks
occur together with large values of FX and RH, this is not always the case.
This could be because the station is too far from the storm to accurately
capture the meteorological variables of the storm. In some cases, a part of
the storm is captured in one hour block, but not in the other. An example
of this is 18-08-2011, where station 391 registers high RH and FX values at
17 UTC, though the nearest stations at 18 and 19 UTC register FX and
RH values that do not differ much from everyday values in de Bilt. Even
though some severe weather moments based on the 500 TL stroke criterion
within 5 min and 50 * 50 km?, i.e. the FLITS500 reference, are missed in the
meteorological station dataset, almost all high RH and FX values correlate
with a severe weather peak.

Figure |35 shows that the meteorological values FX and RH of KLDN se-
vere weather moments are also not always distinctive from the hourly values
without storms. Also, the red dots in the upper right area in the scatter plot
indicate that a large number of storm events are found that do not coincide
with the FLITS500 reference. All days that KLDN detects severe weather
(including the outlier) together with a RH larger than 4.0 mm and a FX
larger or equal to 15.0 m/s, add up to 15 unique days. 9 of these days match
the 14 unique detection days of FLITS500. Therefore, based on the criterion
of at least 7T0CG strokes together with more than 4.0 mm precipitation in the
hourblock, and wind gusts of at least 15.0 m/s for KLDN, almost the same
amount of severe weather detection days are found in the historical dataset,
though not completely the same days as found by FLITS with the original
weather warning criterion.

The FX and RH threshold values mentioned are low compared to true
severe weather, which entails wind gust speeds of 20-25 m/s and 30-50 mm
of precipitation. As discussed in section [£.3] there is no exclusive relation
between severe weather and hourly values of FX and RH at the nearest mea-
suring station. This is likely because storms are sometimes missed by the
measuring stations. The use of radar could offer improved measurements
of current meteorological conditions. If a weather alert was based on high
values of FX, RH and intense lightning based on and/or criteria instead of
and/and criteria, a more complete alert can be given based on dangerous
weather conditions in a broader sense than lightning only.
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D Time bin size dependency of LAD and FAR

The lightning activity detection is a measure of the agreement between de-
tection systems on the occurrence of any lightning activity. This agreement
increases for longer matching period. Figures and represent the im-
portance of time bin size for LAD and FAR. TL and CG flashes in the
KOUW-region are considered.

LAD dependency on timebin size, TL flashes FAR dependency on timebin size, TL flashes
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Figure 36: LAD (left) and FAR (right) values in KOUW-region in 10 * 10
km? boxes over the period between 01-01-2010 and 31-10-2014 for various
values of time bin size, where TL flashes are considered.
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Figure 37: LAD (left) and FAR (right) values in KOUW-region in 10 * 10
km? boxes over the period between 01-01-2010 and 31-10-2014 for various
values of time bin size, where CG flashes are considered.

As expected, from figures and we see a decrease in FAR and an
increase in LAD for larger time bin sizes. Over a longer period, it is more
likely to find a match in the 10 * 10 km? area box. This increase/decrease
is no longer significant for a time bin size larger than 3 hours. This suggests
that a storm generally generates lightning activity for a period of 3 hours in
a certain area.
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