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This research describes an approach to evaluating the performance of the South African Lightning Detection
Network (SALDN) over Johannesburg, South Africa, using high-speed video footage of lightning events.
The performance evaluation includes the flash detection efficiency, stroke detection efficiency and median
location accuracy (locations of known attachments and flash cluster approach) of the SALDN. The proposed
methodology has three subsections: time-correlating cloud-to-ground stroke data from the SALDN with ground
truth lightning events (high-speed camera footage), determining the detection efficiency and determining the

location accuracy. Results indicate that the SALDN has a flash detection efficiency of 84.9%, stroke detection
of 69.1% and has a median location accuracy of 59.2 m and 124.4 m using locations of known attachments
and flash cluster approaches respectively for cloud-to-ground lightning over Johannesburg.

1. Introduction

The South African Lightning Detection Network (SALDN) operated
by the South African Weather Service (SAWS) was first put into oper-
ation in 2006. There was a performance evaluation on the SALDN in
2014 [1]. However, the stroke detection efficiency was not obtainable
and the location accuracy was found for only one location. This means
the stroke detection efficiency of the SALDN is unknown and the
location accuracy is unknown over a greater region. In this paper,
we compare stroke reports from the SALDN with high-speed video
observations of lightning over Johannesburg, South Africa as found
in [2-5].

2. Performance of an LLS

The main performance measure of an LLS is the detection efficiency
and location accuracy [6]. As discussed before, a flash consists of
multiple strokes. The DE can be defined in terms of two parameters, the
flash DE and the stroke DE. The flash DE is the percentage of flashes
detected by the network versus the number of ground truth flashes. The
stroke DE is the percentage of strokes (1st RS and SRSs) detected by
the network versus the number of ground truth strokes. The flash and
stroke DE gives an indication of how well the LLS is detecting lightning.
The flash DE will be greater than that of the stroke DE because the LLS
only needs to detect one of the strokes in a given flash in order to detect
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this flash [7]. LLSs provide a reported location of a detected lightning
event. Location error is the distance between the actual location of a
lightning event and the reported LLS location of the lightning event. An
illustration of this can be seen in Fig. 1. The LA is a dataset of multiple
location errors which can represented by using statistics such as the
maximum, minimum, median, standard deviation, mode and mean of
the location errors [1].

The European LLS, EUCLID (European Cooperation for Lightning
Detection) was evaluated using various ground truth data. The LA,
DE and current estimations of EUCLID were evaluated. The LA was
calculated by using the Gaisberg Tower measurement system and the
data obtained from EUCLID. With the lightning terminating on the
tower, the actual location of the lightning event was known and this
could be compared to the location estimated from EUCLID. The DE was
presented using two different methods, the first being the instrumented
tower and the second being the video and E-field data. The flash DE
and stroke DE was found to be 96% and 70% using the Gaisberg
Tower. In Austria, EUCLID had a flash DE and stroke DE of 98% and
84% using high-speed cameras for flashes to the tower which had at
least one SRS. With improvements to the LLS, the last 100 strokes
on the Gaisberg Tower had a median LA of 89 m. There has been
a continuous improvement to the LA of EUCLID with software and
hardware improvements [8]. In Hong Kong, the LLS in operation is the
Guangdong-Hongkong—-Macau Lightning Location System (GHMLLS).
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Fig. 1. Location error (m) between SALDN location and actual location.

The flash DE, stroke DE, LA and peak current estimation accuracy of the
GHMLLS was evaluated. Two methods were used to gather ground truth
data. The first was lightning triggered experiments which took place
in Conghua and the second was the observation of natural flashes on
tall structures using high speed video footage along with other sensors,
which took place in Guangzhou. Data over many years was obtained
and evaluated to determine the performance measures of the GHMLLS.
The results obtained were: flash DE of 95%, stroke DE of 90% and
median LA of 410 m. These results showed a significant improvement
in the performance of the LLS after an upgrade in 2012 [6].

In Brazil, the LLS is referred to as the Brazilian Integrated Lightning
Detection Network (RINDAT). This network has seen multiple upgrades
to increase the DE and LA. A performance evaluation of the network
used high-speed camera footage of negative downward flashes as the
ground truth data. The RINDAT was found to have a flash DE of 87.4%
and a stroke DE of 54.7%. These values were in agreement with the
expected DE by the manufacturer. The LA was determined by taking
the maximum distance between strokes within a flash. Thus, this LA
is a overestimation of the network. The median LA was found to be
3.4 km. This was the first performance evaluation of the RINDAT
where all sensors were operating normally [9]. The U.S. National
Lightning Detection Network (NLDN) has had multiple performance
evaluations where the DE, LA and peak current estimation accuracy
were determined. These performance evaluations used rocket triggered
lightning in the Florida region. The location errors were defined as
the distance between the rocket launcher and the reported location of
the lightning event from the NLDN. Using data from 2004 to 2013 the
following results were obtained: The flash DE, stroke DE and median LA
was 94%, 75% and 309 m respectively. These results show the constant
improvement of the NLDN since performance evaluations in 2005, 2011
and 2014 [10]. In 2014, there was a performance evaluation on the
SALDN using low-speed cameras, the flash DE was found to be 76%
in the last season (2012-2013) with a median LA of 280 m for data
collected between 2009-2013 [1].

3. Instrumentation and data

The ground truth performance evaluation of an Lightning Location
System (LLS) requires two forms of data, ground truth lightning data
and the LLS data. Ground truth lightning data is important as it
provides evidence that a flash or stroke occurred. LLS data can be
compared to ground truth lightning data to establish if the ground
truth lightning event was detected or not. In this research, the ground
truth lightning data is collected using high-speed video cameras over
Johannesburg, South Africa. The LLS data is provided by the South
African Weather Service and is in the form of Cloud-to-Ground (CG)
stroke South African Lightning Detection Network (SALDN) data.

3.1. High-speed video investigation in Johannesburg

High-speed cameras are one way to gather ground truth lightning
events [8]. They can capture videos at thousands of frames per second.
This allows processes such as the leader and the strokes within a flash
to be observed and analysed. The ground truth data for this research
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was collected using two high-speed cameras, the Phantom v310 (15
000 fps) and the Phantom v7.1 (5 000 fps), which overlook Johan-
nesburg, South Africa (shown in Fig. 2). The high-speed cameras are
positioned approximately 6 km away from Johannesburg city centre.
Within the Johannesburg CBD there are two tall towers, the Telkom and
Sentech Tower. The Telkom and Sentech Tower have a height of 270 m
and 232 m respectively.

The high-speed camera investigation over Johannesburg collected
data between the 5th February 2017 and 6th February 2018 during the
summer season. Thunderstorms are expected during the summer season
in Johannesburg, South Africa. The current in a channel (therefore
the luminosity from that channel) can be used to distinguish different
processes in a flash. The high-speed camera images in this subsec-
tion will help visualise these processes. Fig. 3 shows an example of
a downward flash. The downward stepped leader is the first visible
process as seen in the first image. It is important to note the branches
on the stepped leader. The branches are pointing towards the earth
like an upside down tree, indicating a downward flash. The second
image shows attachment, which is associated with a large increase
in luminosity over a short period of time (impulsive event). This can
now be referred to as the 1st Return Stroke (RS) as seen in the third
image. Once the luminosity of the 1st RSs channel ceases, there can be
a dart leader looking for attachment down the ionised channel as seen
in the fourth image. Once attachment is made, a Subsequent Return
Stroke (SRS) is formed as seen in the fifth image. These videos also
allow the duration of the continuing currents to be inferred.

Fig. 4 shows an example of an upward flash. The first visible stage
is the upward leader. In the first image the upward leader has multiple
branches as seen with the downward flash, however, these branches
are facing the clouds. The second image shows a fluctuation in the
luminosity of one of the branches. This is an Initial Continuous Current
(ICC) pulse as discussed previously and is superimposed on the upward
leader. Any luminosity fluctuation on an entire upward leader branch
was considered an ICC pulse. Once the flow of current in the upward
leader ceases, a dart leader can propagate down the channel. The
third image illustrates the dart leader propagating towards earth. Once
attachment is made, as seen in the fourth image, a large increase in
luminosity is seen and the SRS is formed as seen in the fifth image.
A positive upward flash is when a negative upward leader propagates
towards the cloud base. Similarly, a negative upward flash is when a
positive upward leader (i.e. when recoil leaders are visible) propagates
towards the cloud base. Recoil leader are one of the characteristics that
allow the polarity of a downward or upward flash to be determined
from a high-speed video. If recoil leaders appear in the video, then the
polarity of the channel is positive. If there are no recoil leaders, then
the current of the channel is negative.

Table 1 shows an example of the ground truth data obtained from
analysing a high-speed video. Row 1 and 4 of the data sheet are 1st
return strokes because of the different strike points in the flash. This
is a case of multiple ground contacts within a flash. The remaining
strokes are subsequent return strokes. In the case where there was a
CG triggered upward flash, the triggering event was considered as a
downward flash. This means the triggering event was not classified as
part of the upward flash.

Table 2 summarises the ground truth data captured over Johan-
nesburg. 206 flashes and 667 strokes were recorded during the 24
thunderstorms. Of the 206 flashes, 163 are downward flashes and 43
are upward flashes. The majority of these upward flashes occurred on
the Telkom and Sentech Tower. The data show that there were 55
upward leaders which is greater than the amount of upward flashes.
This means that certain upward flashes had multiple upward leaders
coming from different objects on the ground. An interesting observation
is the large amount of ICC pulses which were recorded. On average
there are 9 ICC pulses per upward flash.
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Return stroke Dart leader ~ Subsequent stroke

Fig. 3. The different processes in downward flashes caught with a high-speed camera.
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Fig. 4. The different processes in upward flashes caught with a high-speed camera.

Table 1

High-speed video of a downward flash analysed into a data sheet.
Time Process Strike Polarity Visible Duration

point (ms)

14:58:34:070 Stroke 1 Negative yes 7
14:58:34:103 Stroke 1 Negative yes 6
14:58:34:121 Stroke 1 Negative yes 5
14:58:34:208 Stroke 2 Negative no
14:58:34:256 Stroke 2 Negative no
14:58:34:292 Stroke 2 Negative no

Table 2

High-speed camera data (ground truth data).

3.2. The South African Lightning Detection Network

Lightning events

High-speed camera events

The SALDN is owned by the South African Weather Service. The
SALDN was established in 2005 and consisted of 19 sensors. In 2010, 3

sensors were added to the network. In 2011, 2 sensors where added and

2 sensors were relocated. Currently the SALDN consists of 25 Vaisala
LS7000 sensors which are positioned as seen in Fig. 5 [1]. The sensors
have a mean distance of approximately 250 km between the each other.

Thunderstorms 24
Flashes 206
Strokes 667
Downward flashes 163
Strokes 604
M-components 101
Upward flashes 43
Upward leaders 55
ICC pulses 387
Subsequent Return Strokes 63
M-components 10

The self-evaluated performance of the SALDN is 90% for the flash DE
and 0.5 km for the median location accuracy [11]. Changes to the
network over the study period have been as follows:

+ Addition of the Wolwespruit sensor in 2015

» Moved the sensor at Durban Virginia airport to Vernon Crookes
Golf Course

+ Upgraded the Total Lightning Processor (TLP) in August 2019



H. Fensham et al.

(Kimberley’

IMamkeng
4\

Electric Power Systems Research 216 (2023) 108968

(Mussinal
AT ; e
[ephalale

cLebowakgomo

Satér‘a

/CEswatini
/

Clrer

¢Wolwespruit [\ AEOR

N {
(Bethlehem, {/Vheid

(Richards Bay

¢Vernon Crookes

(Mthatha

. (CAberdeen

(Capeslown (George

(East'London

(Ggeberha

Fig. 5. Location of the 25 Vaisala sensors in South Africa as of 2022 [1]. The location of Johannesburg, where the Sentech and Telkom towers are located, is indicated by the

red circle.

Table 3

SALDN data which detected a downward flash.
Time lat lon peak kA chi_square num_dfrs
14:58:34:071 —26.1770 27.9882 -21 0.6 12
14:58:34:104 —26.1778 27.9873 -24 1.4 3
14:58:34:121 —26.1770 27.9883 -9 0.3 6
14:58:34:208 —26.1762 27.9773 -23 0.5 13
14:58:34:256 —26.1760 27.9772 -16 0.2 8
14:58:34:292 —26.1762 27.9770 -13 0.4 7

The self-evaluated performance is based on a model assuming cer-
tain values for each sensor detection efficiency as a function of peak
current and distance and the median error ellipse calculations of down-
ward flashes.

In 2014, the performance of the SALDN was evaluated using low-
speed camera footage of CG flashes terminating on the Sentech Tower
[1]. The flash DE and the LA of the SALDN was determined. However,
with the use of a low-speed camera, the stroke DE could not be
determined as individual strokes could not be observed. Secondly, the
only flashes which were captured were those that terminated on the
Sentech Tower. Therefore the flash DE and LA were calculated for only
one location. Lastly, only lightning events terminating on the Sentech
Tower were gathered meaning the results are based on predominately
upward flashes.

SALDN CG stroke data were obtained for the 24 thunderstorms in
the ground truth data. The data for the region —26.0° to —26.5° Latitude
and 27.8° to 28.3° Longitude. This area was chosen as it enclosed the
field of view of the cameras and also allowed for errors which might
occur in the SALDN reported locations. 26 598 strokes were detected
by the SALDN in the filtered area for the 24 thunderstorms which the
cameras collected data from. Table 3 gives an example of the filtered
SALDN data. In this case the data were already time-correlated to the
video data in Table 1. The table shows the data which is provided by
the SALDN. Each stroke contains the time (Time) at which the event
occurred, the latitude (lat) and longitude (lon) of the lightning event,
the peak current (peak_kA), chi square (chi_square) value and number
of detected sensors (num_dfrs).

4. Performance Evaluation Methodology

This methodology is a general method to finding the Detection
Efficiency (DE) and Location Accuracy (LA) of an Lightning Location
System (LLS) using ground truth lightning events. The detection effi-
ciency includes the flash and stroke detection efficiency. The location
accuracy includes determining the location accuracy using lightning
events which attached to known locations as well as by using a flash
cluster method. The methodology requires GPS time stamped Cloud-
to-Ground (CG) LLS stroke data and GPS time stamped ground truth
lightning event data. Ground truth lightning data can be collected
from not only high-speed videos but by instrumented towers or rocket
triggered lightning [8]. However, for the flash cluster method used to
find the location accuracy, the ground truth data will need to provide
evidence that the strokes are within the same channel and therefore
have the same Ground Strike Point (GSP). It can be seen from high-
speed videos if strokes have the same channel and therefore the same
ground strike point.

4.1. Time-correlation of LLS data and ground truth lightning events

The following methodology is used to time-correlate CG LLS stroke
data and ground truth lightning events. This time-correlation between
LLS data and ground truth lightning events forms a time-correlated
dataset in which the lightning events within the video have either been
noted as detected or not detected by the SALDN.

1. Create a dataset of the recorded ground truth lightning events,
referred to as the ground truth dataset:
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+ GPS time stamp of the lightning event.

» Type of lightning (leaders, strokes, M-components, ICC
pulses, positive or negative current polarity).

» Number of strike points.

+ Duration of the strokes.

* Note if lightning event attached to a structure of interest.

2. Filter the CG LLS stroke data by date, time and area of the thun-
derstorms in which ground truth lightning events were captured.
This data will be referred to as the filtered LLS dataset.

3. Time-correlate the ground truth dataset and the filtered LLS dataset.
If the filtered LLS data detected the same lightning event as the
ground truth data, indicate this and insert the coordinates of the
flash given by the LLS data next to that entry in the ground truth
dataset. This completed dataset will now be referred to as the
time-correlated dataset.

4.2. Determining the detection efficiency

The time-correlated dataset is used to determine the flash DE and the
stroke DE of an LLS. The following methodology is used to determine
the flash DE from the time-correlated dataset.

1. Determine the number of ground truth flashes in the time-
correlated dataset.

2. Determine if any lightning events in a flash were detected by
the LLS. If so, indicate that the flash has been detected in the
time-correlated dataset.

3. Calculate how many flashes were detected by the LLS in the
dataset. This is the number of detected LLS flashes in the time-
correlated dataset.

4. Using Eq. (1) calculate the flash detection efficiency.

no. detected LLS flashes in time correlated dataset

DEg 0 =
Flash no. ground truth flashes in time correlated dataset

(€8]

The following methodology is used to determine the stroke DE from
the time-correlated dataset. Stroke refers to 1st Return Stroke (RS) and
Subsequent Return Stroke (SRS) for downward flashes as well as SRS
for upward flashes.

1. Determine the number of ground truth strokes in the time-
correlated dataset for downward and upward flashes.

2. Calculate the total number of strokes which were detected by
the LLS data in the time-correlated dataset. This is the number of
detected LLS strokes in the time-correlated dataset.

3. Using Eq. (2) calculate the stroke detection efficiency.

no. detected LLS strokes in time correlated dataset
no. ground truth strokes in time correlated dataset

(2)

DEStroke =

4.3. Determining the location accuracy

Two approaches are used in this methodology to evaluate the loca-
tion accuracy. The first method utilises known locations where strokes
have terminated and the second is using the differences in reported
locations of SRSs with regards to the 1st RS that occurred in the same
channel within a flash (flash cluster).

4.3.1. Locations of known attachment

The LA can be found by using lightning events which have ter-
minated on known locations. Since the location of the structure is
known, the location error between the structure and the reported LLS
location can be determined. This method requires entries in the time-
correlated dataset that have terminated on known locations and have
been detected by the LLS.
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1. From the time-correlated dataset, create a subset of data which
only includes detected lightning events which terminated on the
known locations. This will be referred to as the known location
dataset.

2. Calculate the location errors in metres between the coordinates
of the known location and the coordinates given by the LLS data
for the lightning events.

3. Determine the maximum, minimum, median, standard devi-
ation, mode and arithmetic mean of the calculated location
€errors.

4.3.2. Flash cluster

The flash cluster method is described by Schulz et al. [12]. The
method determines the LA by using Negative Cloud-to-Ground (nCG)
flashes. The high-speed cameras allow one to determine if the 1st RS
and SRSs are in the same channel and therefore can be assumed to have
the same GSP, meaning they terminate at the same location. Ideally, the
LLS should report all the locations of the 1st RS and SRS as the same
since they terminate at the same GSP. However, there are differences
between these reported locations and the location error can be found
between the different locations [12].

The stroke with the highest peak current estimate within a flash
can be considered to the most accurately located stroke since it is more
likely to be detected by multiple sensors. The more sensors that detect
a stroke the better the LA of that stroke [13]. The 1st RS generally has
the highest peak current in a flash and therefore can be considered the
most accurate location of the flash. The difference in reported locations
between the 1st RS and the SRSs in the flash form the dataset of location
errors. The statistics of the LA can then be calculated.

Fig. 6a, gives an example of how the location error is defined.
Fig. 6b, is the same flash represented in Fig. 3. The flash consisted of 5
strokes. The red number 1 illustrates the 1st RS and the blue number
2 represents the first SRS as seen in Fig. 3. This is seen as the flash
cluster. The high-speed camera was used to determine if all the SRS
strokes were in the same channel.

Fig. 7, shows the flow diagram used to determine the LA using the
flash cluster approach. The method requires the time-correlated dataset
and requires flashes within that dataset to have the 1st RS detected
as well as a minimum of one SRS detected. If this is satisfied, the
geographical location of the flash should be that of the 1st RS. Then
the location errors between the flash location and the SRSs need to be
calculated for all the flashes. Once all the flashes that meet the criteria
have been processed, the LA can be calculated from the location errors.

5. Results

These results are the performance evaluation of the South African
Lightning Detection Network (SALDN) which include the flash Detec-
tion Efficiency (DE), stroke detection efficiency and Location Accuracy
(LA). The results can be compared to the self-evaluation index of the
SALDN as well as other performance evaluations of Lightning Location
Systems (LLS). This will provide a reference as to how well the system
performs. This data can also be used in future research to compare with
a performance evaluation of an upgraded SALDN.

5.1. Time-correlated data

The time-correlated data can be seen in Table 4. This data allows the
DE to be calculated. The high-speed camera events column refers to the
ground truth data that was recorded and analysed. The SALDN events
column refers to the SALDN stroke data that was time-correlated with
the ground truth data. As seen in the table, 175 flashes were detected
by the SALDN out of 206 filmed flashes, 457 strokes were detected by
the SALDN out of 667 filmed strokes.
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o4

(b) Captured and detected flash cluster

Fig. 6. The location error within a flash cluster and an example of a flash cluster captured in this research.

Table 4
Time-correlated data of the high-speed video camera data and the SALDN data.
Lightning events High-speed SALDN events Percentage
camera events
Flashes 206 175 84.9%
Strokes 667 457 68.5%
Downward flashes 163 151 92.6%
Strokes 604 417 69.0%
M-components 101 12 -
Upward flashes 43 24 55.8%
Upward flash DE (SRS) 16 15 93.7%
Upward flash DE (no SRS) 27 9 33.3%
Upward stroke DE 63 40 63.4%

5.2. Detection efficiency

The SALDN detected 175 flashes of the 206 flashes that were filmed
using the high-speed camera as seen in Table 4. This includes both
downward and upward flashes and these are shown as a bar graph in
Fig. 8. The first bar represents downward flashes and the second bar
represents upward flashes. Flashes detected by the SALDN are shown in
green and lashes captured by the high-speed cameras are shown in blue.
The SALDN detected 151 downward flashes ofthe 163 filmed flashes
(92.6%). Upward flashes can be categorised into upward flashes with
Subsequent Return Strokes (SRSs) and upward flashes without SRSs.
Upward flashes with SRSs were detected 93.7% of the time whereas
upward flashes without SRS were detected 33.3% of the time.

5.3. Stroke detection efficiency

A total of 667 strokes were filmed by the high-speed cameras,
of this, 457 strokes were detected by the SALDN. The SALDN has a
stroke DE of 68.5%. This can also be seen in Fig. 9. The first bar
represents downward strokes (1st return strokes and subsequent return
strokes) and the second bar represents strokes in upward initiated
flashes (subsequent return strokes). The red aspect of the bars represent
the number of strokes detected by the SALDN and the grey represents
the number of strokes captured on the high-speed cameras. Within the
downward flashes, strokes (1st return strokes and subsequent return
strokes) are of interest. It can be seen that the DE for a downward
stroke is 69.0%. Upward strokes refer to the SRSs which can occur in
an upward flash. The upward stroke DE is 63.4%.

6. Location accuracy

Two methods have been used to determine the LA of the SALDN.
The first is the use of locations of known attachment and the second is
the flash cluster method.

6.1. Locations of known attachment

This method required known locations where lightning had termi-
nated. In this research the locations of known attachment were the
Sentech and telkom Tower. These two locations provided the true
coordinates of the attachment of the lightning event which could be
compared to the locations reported by the SALDN. Fig. 10 shows the
locations of the cameras and the Sentech and Telkom Tower with the
y-axis indicating the latitude and the x-axis indicating the longitude.
The reported locations of the lightning events which terminated on the
towers have also been plotted. Note the reports with large location
errors. These outliers are discussed in more detail in the discussion
section.

Table 5 below gives the overall location accuracy for both towers
and the location accuracy for each tower separately. As seen in the
table, a total of 98 detected strokes and ICC pulses terminated on the
towers. With these 98 events the SALDN has a median LA of 59.2 m.

6.1.1. Sentech tower

45 detected strokes and ICC pulses terminated on the Sentech
Tower. Fig. 11 shows the reported locations of the events around the
tower with the y-axis and x-axis as a distance in metres. The reported
SALDN locations are grouped within 450 m of the tower. This figure
excludes the one large location error seen in Fig. 10. Table 6 shows that
the SALDN has a median location accuracy of 74.7 m at the Sentech
Tower.

6.1.2. Telkom Tower

53 detected strokes and ICC pulses terminated on the Sentech
Tower. Fig. 12 illustrates the distance in metres between the reported
locations and the Telkom Tower. The x and y-axis are a distance in
metres and the reported SALDN locations are grouped within 550 m
of the tower. As with the Sentech Tower this figure excludes one large
location error which is seen in Fig. 10. Table 7 shows that the SALDN
has a median location accuracy of 51.0 m at the Telkom Tower.
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Fig. 7. Flow diagram of flash cluster algorithm.

Table 5

Location accuracy of the tower events.
Tower N Max Min Median c Mode Mean
Both towers 98 3847.3 m 4.9 m 59.2 m 423.0 m 4.9 m 152.2 m
Sentech Tower 45 1707.1 m 11.8 m 74.7 m 259.3 m 539 m 139.8 m
Telkom Tower 53 3847.3 m 49 m 51.0 m 522.9 m 49 m 162.8 m

6.2. Flash cluster

Fig. 13 shows the location accuracy distribution using the flash
cluster method. The y-axis represents the number of SRSs and the x-axis
represents the distance the SRSs are from the 1st return stroke. From
the graph it can be seen that approximately 105 SRS are within 100 m

of the 1st return stroke. This graph accounts for 241 SRSs out of a total
of 245 SRSs. Therefore, four stroke reports had location errors greater
than 2 km from the 1st return stroke. Table 8 shows the results of the
flash cluster method. The table shows a median location accuracy of
124.4 m.
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Fig. 8. Bar graph illustrating the number of downward and upward flashes captured on the high-speed cameras and detected by the SALDN.

Fig. 9. Bar graph illustrating the number of downward and upward strokes captured on the high-speed cameras and detected by the SALDN.
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Table 6

Location accuracy of Sentech Tower events.
Statistical parameters Value
Count (N) 45
Median location error 74.7 m
Mean location error 139.8 m
10% 327 m
90% 212.6 m

7. Discussion

As shown in Table 4, the overall flash DE, including downward and
upward flashes is 84.9%. Evaluating the DE of the flashes separately,

Electric Power Systems Research 216 (2023) 108968

I SALDN flashes
B HS flashes

Upward flashes

I SALDN strokes
[ HS strokes

63

Upward strokes

Table 7

Location accuracy of Telkom Tower events.
Statistical parameters Value
Count (N) 53
Median location error 51.0 m
Mean location error 162.8 m
10% 14.5 m
90% 307.9 m

the downward and upward flash DE were found to be 92.6% and
55.8% respectively. The greater DE of a downward flash is expected.
1st Return Strokes (RS) and Subsequent Return Strokes (SRS) have fast
rise times, which aid in the detection of a flash. Upward flashes are not
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Fig. 14. Bar graph illustrating the detection efficiency of the strokes within negative cloud-to-ground flashes. The number within the bar represents the amount, of that specific

stroke, detected by the SALDN.

expected to be detected by the SALDN due to the slow rise time of the
upward leader, as can be seen in Table 4 where no upward leaders
were detected by the SALDN. An upward flash is detected due to a
strong Initial Continuous Current (ICC) pulse that is superimposed on
the upward leader or the detection of a SRS after the upward leader.
An evaluation of the SALDNs DE of downward flashes against that of
upward flashes which contained SRSs can be performed. The SALDN
detected 93.7% of upward flashes which contained SRSs as seen in
Table 4. This value is very similar to that of downward flashes which
are detected 92.6% of the time. However, the SALDN only detected
33.3% of upward flashes which did not contain SRSs. Therefore, SRSs
increase the chances of an upward flash being detected by about 60%.

The overall stroke DE of the SALDN is 68.5% as seen in Table 4.
This, as expected, is less than the flash DE since only one stroke needs to
be detected to constitute the detection of a flash [7]. The SALDN DE of
downward strokes and upward strokes is 69.0% and 63.4% respectively
as seen in Table 4. These values are similar. This is expected since a SRS
during an upward flash is similar to that of a SRS during a downward
flash. This means that if an upward flash contains a SRS, it should
have a very similar chance of being detected. This is in agreement with
the results obtained where the flash DE of upward flashes containing
SRSs is very similar to that of downward flashes. Fig. 14 shows the
average detection efficiency of the strokes in negative cloud-to-ground
flashes. The x-axis is the strokes in a flash and the y-axis is the detection
efficiency. The 1st RS is seen to have the highest DE of 80.7% which is
expected since this stroke should have the highest peak current within a
flash. The DE decreases as the number of the SRS increases. The number
of strokes detected for each stroke category on the x-axis is shown at
the bottom of each bar. For instance there was 165 detected 1st RSs.
The 1st RSs had a detection efficiency of 80.7%.

The median LA of the SALDN using the location of known attach-
ment and flash cluster method is 59.2 m and 124.4 m respectively. As
seen in Fig. 10, the locations of known attachment were the Telkom
and Sentech Tower. It must be noted that the majority of flashes which
terminated on these towers were upward flashes. Therefore, the data
for this method consists of detected ICC pulses and mostly SRS. There
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was a small amount of 1st return strokes which occurred on the towers.
It was seen that there were outliers for both towers. These outliers
were time-correlated with the events that were filmed attaching to
the towers. However, the SALDN reported location had large location
errors. The subsections below will discuss these outliers and explain
why they occurred.

7.0.1. Sentech Tower outlier

The Sentech Tower outlier seen in Fig. 10 can be examined using
Fig. 15. At the time in which the SALDN detected a lightning event,
there was an IC flash which appeared as seen in Fig. 15. Within the
same millisecond of this IC flash there was an ICC pulse. Therefore
according to the way the data were time-correlated, this ICC pulse
was considered as detected. However, it was the nearby IC that was
detected. At no point did the IC connect with the upward leader channel
causing an ICC pulse. This IC was situated over the Telkom Tower.
This is in agreement with the location of the outlier in Fig. 10 where
the outlier is almost in line with the Telkom Tower looking from the
perspective of the camera. The SALDN estimated the peak current of
the IC flash to be —5 kA. This is relatively small and coincides with
being an IC event [14]. Therefore, in this instance, it seems that the
SALDN misclassified an IC event as a CG stroke.

7.0.2. Telkom Tower outlier

The outlier which is seen in Fig. 10 can be explained by using
the images seen in Fig. 16. The upward flash in question was of a
negative polarity, in other words a positive upward leader. In the first
image of Fig. 16 an attempted ICC pulse can be seen occurring on the
Telkom Tower. In the second image, a positive SRS makes attachment
with the negative attempted ICC pulse in mid-air. The SALDN detected
this attachment giving the geographical location of the outlier seen in
Fig. 10 with a peak current of +41 KA. Fig. 10 shows that the reported
location of the outlier is to the right of the tower from the cameras
perspective. This agrees with where the attachment took place in the
second image in Fig. 16.
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Fig. 15. Image explaining the outlier in the Sentech Tower data.

<4— Hillbrow Tower

<4— Hillbrow Tower

<— Hillbrow Tower

Fig. 16. Sequence of images explaining the Telkom Tower outlier.

Additionally, the chi-square value for this SALDN entry was re-
ported to be 1.7. This is relatively high. Fig. 3 gives an indication of
the chi-square values of strokes. The chi-square value is one of the
parameters used to describe the quality of the geographical location
reported by a LLS [15]. This high chi-square value indicates a greater
level of uncertainty to the geographical location reported for this
outlier. These figures and chi-square values explain the outlier event
which occurred 3.8 km from the tower.

7.1. Flash cluster

The flash cluster method collects the location errors between the
1st RS and the SRSs of the same flash. The location errors are calculated
from the SALDN reported locations. It was discussed in the methodol-
ogy Section 4.3.2 that the 1st RS in a flash generally has the highest
peak current compared to the SRSs. This makes it in most cases, the
most accurately located stroke in a flash. Fig. 17 shows the mean peak
current as a function of stroke order up to a multiplicity of 10. The x-
axis is the strokes in the flashes and the y-axis is the average reported
peak current. The number of strokes detected for each stroke category
on the x-axis is shown at the bottom of each bar. It can be seen that the
1st RS has, on average, the highest peak current values. This confirms
the use of the 1st RS as the location of the flash in this method.

This figure also follows a similar trend to the one seen in Fig. 14
where the DE of the strokes in a flash are illustrated. Fig. 17 agrees
with Fig. 14 since the 1st return stroke has the highest reported peak
current and is also the stroke detected most often. The shape of the
graphs are also similar confirming the relationship between the peak
current of a stroke and the detection efficiency.
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7.2. Comparison of location accuracy methods

The two location accuracy methods can be compared. Table 9 below
compares the results of the locations of known attachment method
versus the flash cluster method. It can be seen that the flash cluster
method has a median location accuracy which is 65.2 m greater than
that of the known location terminations. However, as described in
Ref. [12] the flash cluster method provides the upper bounds of the
location accuracy due to the fact that the ground strike points within a
flash cluster may vary slightly.

Based on these results the flash cluster method is a suitable method
for finding the LA of a LLS. This method can be used if there are no
locations of known attachment. It is also easier to gather data for the
flash cluster method because all that is needed is high-speed videos of
flashes as opposed to high-speed videos of flash terminating on specific
locations.

7.3. SALDN performance evaluation comparison

This section compares the performance evaluation of the SALDN
to the performance evaluations of the studies presented previously.
Table 10, shows the results for the studies compared to the SALDN. The
SALDN (Overall) row refers to the overall DE (upward and downward
flashes) of the SALDN. The overall LA value in this row is from the
location of known attachments method. The SALDN (Downward flashes
only) row refers to the DE of the SALDN for downward flashes. The LA
value in this row is from the flash cluster method.
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Fig. 17. Bar graph illustrating the average peak current reported for the strokes within negative cloud-to-ground flashes. The number within the bar represents the amount, of

that specific stroke, detected by the SALDN.

Table 9
Comparison of location accuracy methods.
Method N Max Min Median o Mode Mean
Both towers 98 3847.3 m 4.9 m 59.2 m 423.0 m 49 m 152.2 m
Flush cluster 318 25711.3 m 0.0 m 124.4 m 1675.5 m 22.3 m 385 m
Table 10
Comparison of SALDN performance evaluation to other studies.
LLS Flash DE Stroke DE Median LA
EUCLID [8] 98% 84% 89 m
GHMLLS [6] 95% 90% 410 m
RINDAT [9] 87% 55% 3400 m
NLDN [10] 94% 75% 309 m
SALDN (Overall) 85% 69% 59 m
SALDN (Downward flashes only) 93% 69% 124 m

The DE of downward flashes for the SALDN is more in-line with
the flash DE of the studies. The LA values obtained from the locations
of known attachment and the flash cluster method show how well
the SALDN locates lightning events. The results show that the ground-
flash density map accuracy in South Africa is similar to those seen
in other countries. This result also gives information on how accurate
the ground strike point density maps would be with the SALDN data.
The results of the SALDN performance evaluation can be compared
to the performance evaluation completed in 2014 [1]. In 2014, the
overall flash DE was found to be 76% in the last season, this value has
now increased to an overall flash DE of 85%. However, the study in
2014 would have been an underestimate of the overall flash DE of the
SALDN. The majority of flashes analysed were upward flashes because
the ground truth data were collected from lightning events terminating
on the Sentech Tower. As discussed previously, it is not expected that
an LLS will detect upward flashes without any SRS because of the slow
rise time of the upward leader. The median location accuracy in 2014
was found to be 280 m based on data over the past 4 years. This has
now reduced to 59 m. This shows the improvement of the SALDN over
the last 5 years.
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7.4. Interesting cases

A number of interesting cases were observed. There were upward
triggering events seen on the camera and detected by the SALDN which
showed nearby-lightning-triggered upward flashes, a certain percent-
age of M-components and ICC pulses were detected as strokes by the
SALDN and there were a number dual strokes SALDN entries.

7.4.1. Upward triggering event

There are two types of upward flashes: nearby-lightning-triggered
upward flash and self-initiated upward flash [16]. This section will
discuss the amount of CG nearby-lightning-triggered flashes that was
seen on camera and/or detected by the SALDN. Of the 43 upward
flashes seen in the high-speed camera footage, 14 had a nearby CG
triggering event. Of the 14 triggering events, 6 were seen on the
high-speed camera and were detected by the SALDN. The remaining
8 triggering events were out of the field of view of the camera but
were detected by the SALDN as a positive CG flashes. Although these
detected triggering events were out of view, the upward leader being
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Upward flash triggering events detected by the SALDN and out of view from the cameras.

Count Tower of Distance to Distance to Timing of Estimated
flash Sentech Telkom trigger current
Tower Tower
1 Sentech 14.1 km - 60 ms before 21 kA
2 Both 5.8 km 6.2 km 1 ms during 50 kA
3 Telkom - 14.5 km 253 ms during 31 kA
4 Sentech 14.6 km - 12 ms before 64 kA
5 Sentech 33.7 km - 629 ms before 11 kA
6 Both 14.0 km 18.2 km 7 ms before 106 kA
7 Sentech 22.0 km - 60 ms before 54 kA
8 Telkom - 21.2 km 42 ms before 28 kA
Distance to upward leader (km)
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Fig. 18. Scatter plot illustrating the triggering events with respect to the distance from the tower and the time to initiate the upward leader.

Table 12
The amount of ICC pulses and M-components captured with the high-speed camera and
detected by the SALDN.

Lightning events High-speed camera SALDN
M-components 111 15
ICC pulses 387 57
Total 498 72

initiated from the Telkom and Sentech Tower was still seen on the high-
speed camera. Table 11 below shows the triggering events detected by
the SALDN that were out of view of the high-speed camera. “Tower of
flash” refers to the tower from which the upward leader was initiated.
The distance between the trigger event and the Sentech and Telkom
Tower is included in the table and the “Timing of trigger” refers to
when the trigger occurred in relation to when the upward leader was
seen on the high-speed camera. “Estimated current” is the current value
of the triggering event, measured by the SALDN.

Fig. 18 below is a scatter plot containing all 14 nearby-lightning-
triggered upward flashes. Of the 14 upward flashes, 4 of them had
upward leaders on both of the towers. The figure illustrates the distance
the trigger event was to the towers versus the timing of the trigger

events (when the upward leader was initiated). If the triggering events
in Fig. 18 are to the left of the y-axis, the triggering events occurred
before the upward leader was initiated. If the triggering events are to
the right of the y-axis, the triggering event occurred during the upward
flash — this is because of leader activity inside the cloud as described
in [17]. The y-axis illustrates how far the triggering event was from a
tower. In Fig. 18, 14 of the 18 triggering events are to the left of the
y-axis while the remaining 4 are to the right of the y-axis. Therefore,
according to the data in the figure, 77.8% of nearby-lightning-triggered
upward flashes are initiated from downward flashes which occur before
the initiation of the upward leader. It is important to note that the
remaining 29 upward flashes are not necessarily self-initiated. Of the
29 upward flashes, some might have been triggered by IC lightning.
Additionally, the SALDN might not have detected some of the triggering
events outside of the field of view and the triggering events might have
been on the outside of the coordinates to which the SALDN was filtered
by. Therefore, this data is only to show an estimate of the number of CG
nearby-lightning-triggered upward flashes in this dataset. The detection
of a CG triggering event in an upward flash is not strictly a detection of
an upward flash. Therefore, in this research, a detected CG triggering
event was classified as a downward flash.

14
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Table 13
Dual stroke entries from the SALDN.
Dual Polarity Time Latitude Longitude Peak
stroke current
entry (kA)
1 Positive 18:46:27.321 —26.2313 28.0727 50
18:46:27.321 —26.2297 28.0729 52
2 Negative 20:05:13.575 —26.2073 28.0800 -16
20:05:13.575 —26.2073 28.0800 -16
3 Negative 20:24:47.100 —26.2520 28.2096 -13
20:24:47.100 —26.2520 28.2096 -13
4 Negative 20:28:35.709 —26.2349 28.1947 -16
20:28:35.709 —26.2339 28.1945 -17
5 Negative 15:46:51.678 —26.1863 28.0491 -27
15:46:51.678 —26.1867 28.0494 —-24
6 Positive 18:44:39.426 —26.1554 27.9289 28
18:44:39.426 —26.1535 27.9291 27
7 Negative 14:45:50.361 —26.2016 28.0368 -36
14:45:50.361 —26.2026 28.0352 -34
8 Negative 14:51:13.770 —26.2025 28.0312 -12
14:51:13.770 —26.2047 28.0288 -14
9 Positive 18:52:19.801 —26.1488 28.1130 37
18:52:19.801 —26.1586 28.1124 40
10 Positive 18:32:48.994 —26.2680 28.1506 38
18:32:48.994 —26.2664 28.1507 34

7.4.2. Detected M-components and ICC pulses

In the time-correlated dataset it was observed that the SALDN stroke
data detected M-components and ICC pulses. M-components and ICC
pulses are not considered strokes since they are transient effects which
occur during the CC or ICC phase. The total number of M-components
(for downward and upward flashes) and ICC pulses the SALDN detected
is 15 and 57 respectively as seen in Table 4. The total number of M-
components (for downward and upwards flashes) and ICC pulses in the
high-speed camera data is 111 and 387 respectively. Therefore 13.5%
of M-components and 14.7% of ICC pulses are classified as strokes.
These values are very similar which is expect since M-components are
similar to ICC pulses as discussed by Flache et al. (2008) [18]. The
numbers have been summarised in Table 12 below. The total number
of M-components and ICC pulses that were filmed by the high-speed
camera is 498. The total number of M-components and ICC pulses that
were detected by the SALDN is 72. The SALDN classified 14.5% of
M-components and ICC pulses as CG strokes.

7.5. SALDN dual stroke entry

Throughout the study, dual stroke entries in the CG stroke SALDN
data were observed. The dual stroke entries were two strokes detected
at the same millisecond, with a similar geographical location and
similar peak current values. The dual stroke entries are shown in
Table 13 below. Entry 5 is a SRS in an upward flash. The remaining
entries were strokes in a downward flash. Of the 10 entries, 6 were of
negative polarity and 4 were of positive polarity. These dual strokes
entries did not present any difference with regards to the high-speed
camera footage of other strokes which were analysed. If a dual stroke
entry occurred in the data, the stroke with the highest peak current was
chosen.

8. Conclusion

Lightning location systems provide information about lightning
events in many countries. The South African Lightning Detection Net-
work has not had a performance evaluation where the flash detection
efficiency, stroke detection efficiency and location accuracy are com-
pared with ground-truth high-speed video footage of lightning. Results
show that the South African Lightning Detection Network has a flash
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detection efficiency of 84.9%, stroke detection of 68.5% and has a
median location accuracy of 59.2 m. The location accuracy was found
using ground truth lightning events which occurred on structures with
known locations. Additionally, the location accuracy was found using
locations errors within a flash cluster which produced a median loca-
tion accuracy of 124.4 m, however this is regarded as the upper bound
of the location accuracy of the South African Lightning Detection Net-
work. Interesting cases regarding upward triggering events, detected
M-components and initial continuing current pulses and dual South
African Lightning Detection Network stroke entries were discussed.
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