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Abstract. The World Wide Lightning Location Network comparison studies of the WWLLN with other regional net-
(WWLLN) uses globally-distributed Very Low Frequency works around the world. Additional receiver stations are con-
(VLF) receivers in order to observe lightning around the tinuously being added to the network, acting to improve this
globe. Its objective is to locate as many global lightning detection efficiency.

strokes as possible, with high temporal and spatdlq(km)
accuracy. Since detection is done in the VLF range, signals

from high peak current lightning strokes are able to prop- )

agate up to~10% km before being detected by the WwLLN 1 Introduction

sensors, allowing for receiving stations to be sparsely spaced. ) ] ] _

Through a comparison with measurements made by the‘l’here are many regional Ilg_ht_nlng detection networks oper-
Canadian Lightning Detection Network (CLDN) between 2ting around the world, providing data for purposes as varied
May and August 2008 over & 4atitude by 4 longitude @S the preventlon of lightning dgmage to sensmvg equipment,
region centered on Toronto, Canada, this study found thathe early detection of forest fires, and the tracklng qf local
WWLLN detection was most sensitive to high peak currentSevere weather. They are used frequently for aviation op-
lightning strokes. Events were considered shared betweefirations, shipping routes, safety applications, and by sport-
the two networks if they fell within 0.5ms of each other. iNg groups. Moreover, they are also employed by the insur-
Using this criterion, 19128 WWLLN strokes (analyzed us- 21C€ mQustry and eIecFrlc utilities _for insurance claims in-
ing the StrokeB algorithm) were shared with CLDN light- vgst|gat|ons and detecting power line fault !ocatlons (Cum-
ning strokes, producing a detection efficiency of 2.8%. TheMins et al.,, 1998a). Meteorological agencies and research
peak current threshold for WWLLN detection is found to be institutions use the data for studies dealing with indicators
~20KA, with its detection efficiency increasing from 11.3% Of climate change through seasonally and yearly averaged
for peak currents greater than 20 KA to 75.8% for peak cur-Statistics (Williams, 1992; Schlegel et al., 2001; Price, 2009),
rents greater than 120kA. The detection efficiency is seerstudies dealing with the role lightning plays in determining
to have a clear diurnal dependence, with a higher detectiotmospheric composition (e.g., Volland, 1984; Choi et al.,
efficiency at local midnight than at local noon; this is at- 2005; Sioris etal., 2007; Martin et al., 2007), and for a priori
tributed to the difference in the thickness of the ionosphericinformation in weather forecasting models.

D-region between night and day. The mean time difference Although such regional lightning detection networks ex-
(WWLLN — CLDN) between shared events was.44 pis ist in many parts of the world and provide real-time data
with a standard deviation of 35 s, and the mean absolutée.g., Cummins et al., 1998b; Burrows et al., 2002; Cum-
location accuracy was 7.24 km with a standard deviation ofMins and Murphy, 2009; éller et al., 2009; Lagouvardos et
6.34 km. These results are generally consistent with previoudl-, 2009), they generally provide limited spatial coverage,
typically ending near national boundaries, and are unable to
provide lightning data over the ocean. Lightning detection

Correspondence tdK. Strong instruments also exist on orbiting satellites, such as the Opti-
BY (strong@atmosp.physics.utoronto.ca)  cal Transient Detector (OTD; Christian et al., 2003) and the
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Lightning Imaging Sensor (LIS; Mach et al., 2007), however Lightning Sensors (LS7000/LS7001) both use TOA and
they are not able to provide continuous global coverage foMDF for lightning detection (Cummins et al., 1998b; Rakov
all points on the Earth’s surface. The need for a genuinelyand Uman, 2003). At the start of the period of interest for
world-wide, ground-based network is therefore undeniable this paper (May 2008), the CLDN configuration was some-
particularly for the coverage of the oceans and regions of lomwhat different. The CLDN was composed of 27 IMPACT-
population density or economic development. ES, 40 LPATS-IV, and 16 LS7000 sensors, and during the
The World Wide Lightning Location Network (WWLLN) campaign period (May to August 2008), four of the LPATS-
is such a network, and has been operational sincdV sensors were upgraded to LS7000 sensors (Steve Kowal-
March 2003. It is a low-cost, real-time, ground-based net-czyk, personal communication, August 2009). Similar up-
work that is capable of detecting lightning anywhere on thegrades have continued at CLDN sites since then.
globe with high temporal and spatial accuracy. In this study, A comparable local lightning detection network exists in
the WWLLN performance is evaluated over a region in On- the United States of America and is called the National Light-
tario, Canada by comparing it to the Canadian Lightning De-ning Detection Network (NLDN). Together, these two net-
tection Network (CLDN), a national network established in works comprise the North American Lightning Detection
1998. This is the first comparison between the WWLLN and Network (NALDN). The performance and properties of the
the CLDN. NLDN are described in detail by Cummins et al. (1998a,b)
and Cummins and Murphy (2009). Figure 1 shows the con-
figuration of the CLDN during the acquisition of the data
2 Lightning detection by the CLDN and the WWLLN used in this work, along with the locations of NLDN sensors.

The CLDN and the WWLLN have somewhat similar detec- 2.2 Description of the WWLLN

tion methods, however, due to the difference in the sensors

and spectral bands employed, they have contrasting detectiohhe WWLLN is a real-time, world-wide, ground-based net-
ranges, network location accuracy, and detection efficiencyvork operated by the University of Washington that can de-

ratings. tect strong lightning strokes occurring anywhere in the world
(Dowden et al., 2002; Lay et al., 2004; Jacobson et al., 2006;
2.1 Description of the CLDN Rodger et al., 2005, 2006, 2009). The network was initi-

ated with the intention of achieving global detection with a

The CLDN was designed in 1997, and has been operated arldcation accuracy of less than 10km (Rodger et al., 2009).
managed by Environment Canada (EC) since 1998 (DockThe WWLLN receivers operate in the VLF band and detect
endorff and Spring, 2005). It operates with line-of-sight de- the lightning wave packet that propagates in the region be-
tection of the ground wave, and only uses the first few mi-tween the Earth and the lower ionosphere, termed the Earth-
croseconds of a lightning stroke in order to avoid interfer- lonosphere Waveguide (EIWG). These wave packets prop-
ence with the sferic produced from the same lightning eventagate in particular waveguide modes (TE, TM or TEM),
(see Sect. 2.2). Unlike the WWLLN, which functions solely which effectively obscure the polarity of the parent lightning
in the Very Low Frequency band (VLF; 3—-30 kHz) to detect strokes. However, the VLF energy radiated is directly related
sferics, CLDN sensors use both VLF and the Low Frequencyto the peak current, and WWLLN expects to be able to report
band (LF; 30—300 kHz) to detect ground waves. Attenuationthe energy per stroke by the end of 2010.
is higher in the LF band, so the CLDN receivers must be The signal is a wave train, called a sferic, that rises slowly
placed a few hundred kilometers apart, much closer than thérom the noise background and lasts for roughly a millisec-
sensors of the WWLLN. ond or more. This complicates the detection of the sferic,

The objective of the CLDN was to provide a cloud-to- for which instead of the trigger time of the signal being used
ground flash detection efficiency of better than 90% andto locate lightning, the Time of Group Arrival (TOGA) is
less than 500 m location accuracy in its region of cover-employed, along with minimization methods comparable to
age (Dockendorff and Spring, 2005). This goal has beerthose used in the TOA method. Details of the TOGA method,
achieved for a peak current threshold of 5kA (Burrows etas well as updates to the algorithms and waveform criteria,
al., 2002). The network functions with 83 sensors dis-are discussed in detail by Dowden et al. (2002) and Rodger
tributed across the country, employing both Magnetic Direc-et al. (2009). In this work, data processed with the new
tion Finding (MDF) and Time of Arrival (TOA) technolo- StrokeB algorithm were used; Rodger et al. (2009) show
gies; as of August 2009, it was composed of 27 IMPACT- that this algorithm improves the WWLLN stroke count glob-
ES, 30 LPATS-1V, 25 LS7000, and 1 LS7001 Vaisala sensorsally by 63%, and in some local regions by more than this.
(Steve Kowalczyk, personal communication, August 2009). In order to determine lightning locations, sferic detection
The Lightning Position and Tracking System (LPATS) sen- takes advantage of the higher spectral power density and
sors use TOA, and the Improved Accuracy from Combinedlower attenuation available in the VLF range than in higher
Technology (IMPACT) and CG (cloud-to-ground) Enhanced frequency bands, enabling the receivers to be placed several
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Fig. 1. Locations of the CLDN and NLDN sensors operational during acquisition of the data used in this work.

thousands of kilometers apart (Crombie, 1964). By compar{ield from strong lightning dominates over power line noise,
ing the WWLLN Darwin receiver's detected strokes againsttherefore, the locations of these receivers do not necessarily
that of the WWLLN as a whole, Rodger et al. (2006) found have to be in noise-free conditions (Lay et al., 2004).
that the detection efficiency of the sensor in the daytime After collecting the verified TOGA data together at the
decreases gradually with distance beyor8000km and is  processing sites, residual minimization methods are used to
negligible after~14 000 km. At night, each sensor detects create high quality data sets of lightning locations. The
out to about 10 000 to 12 000 km with equal efficiency. More- handling practice for the WWLLN data used in this paper
over, if the lightning locations are closer tharbOOkm to  ensures that the time residual for the data collected (indi-
the sensor, the detection efficiency also drops. The WWLLNCcating the quality of the fit to the data) is less than 30 ys
does not obtain good fits to the TOGA when there is signifi-and that the lightning strokes are detected by at least five
cant power in the waveguide modes, such as the TEM modeWWLLN VLF receiver stations (Rodger et al., 2009). This
which are otherwise strongly attenuated with propagationprotocol differs from some previous studies that were per-
distance. Thus, the TOGAs calculated from nearby strokegormed early in the establishment of the network (Lay et
are often less well constrained, and therefore have errors toal., 2004; Rodger et al., 2005), as comparisons to regional
large to allow their inclusion in the WWLLN database. networks led to improvements in WWLLN data handling
At the time of writing, there were 40 WWLLN receivers practices (Dr. Craig Rodger, personal communication, Au-
existing around the world to detect radio wave pulses ingust 2009).
real time radiating from lightning strokes within the 6—
22 kHz VLF receiver band. However, during the campaign
period there were only 29 active receivers as shown in Fig. 23  Performance evaluation of the WWLLN
none of these were located in Canada. Each sensor consists
of a 1.5-m whip antenna, a Global Positioning System (GPS)n order to analyze the performance of the WWLLN, light-
receiver, a VLF receiver, and a processing computer with In-ning stroke data obtained from this network using the most
ternet connection to enable transmission of the data to prorecent StrokeB algorithm (Rodger et al., 2009) were com-
cessing stations. The sensors are located on ferro-concrefmred to that from the CLDN. Both data sets were restricted
buildings around the world because at VLF, they act as conto the grid box 41.7N to 45.7 N, and 77.4W to 81.4 W
ductors and stay at ground potential, hence shielding the arbetween 1 May 2008 and 31 August 2008, as shown in
tenna from local man-made noise (Dowden et al., 2002).Fig. 3. This grid box is defined by the location of the
Moreover, in the receiver bandwidth, the vertical electric Toronto Atmospheric Observatory (TAO}; 2° north-south
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Fig. 2. Locations of the WWLLN sensors operational during acquisition of the data used in this work.
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Fig. 3. The analysis region used in this study between May and August 2008, represented by the red box. The boundary is the coordinate
box 41.7 N to 45.7 N, and 77.4 W to 81.# W. It is centered around the Toronto Atmospheric Observatory (TAO) located &Mamd
79.4# W, and indicated by the black dot. The locations of nearby CLDN, WWLLN, and NLDN sensors are also indicated.

and + 2° east-west, in southern Ontario. This region was During the campaign period, a total of 20605 WWLLN
chosen because it experiences frequent lightning activity irstrokes and 677 406 CLDN strokes were detected within the
the summer, hence the selection of four months in the sumregion of interest. Of the CLDN-detected strokes, 568 152
mer of 2008. Note that the “CLDN” solution set provided by (~84%) were identified as cloud-to-ground and 109 254
Environment Canada is generated using sensors in both the-16%) were identified as cloud strokes. The mean posi-
CLDN and the NLDN. The use of this larger data set reducestive peak current of these CLDN-detected strokes (including
possible location errors due to the region of interest not beingoth cloud-to-ground and cloud strokes) was 14.2 kA and the
surrounded by CLDN sensors, which is the case for the gridmean negative peak current wad6.6 kA. The peak current
box used in this work due to its location in southern Canadadistribution for the strokes is shown in Fig. 4. Note that there
The locations of nearby sensors from both the CLDN and theexists a greater fraction of negative lightning strokes than
NLDN, along with those from the WWLLN, are also shown positive as expected (Rakov and Uman, 2003).
in Fig. 3. To determine the detection efficiency of the WWLLN
relative to the CLDN, shared events between the two
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Fig. 4. Peak current distribution for the CLDN and the shared
WWLLN-CLDN strokes as determined by the CLDN. Data are
grouped into 10-kA bin-sizes, and the outermost bins indicate the
number of strokes that are greater than 180 kA in magnitude. ThéConversely, it was found that 18 744 of the cloud-to-ground
orange bars are all strokes detected by the CLDN while the blueCLDN strokes and 669 of the cloud CLDN strokes were
bars are strokes shared between the CLDN and the WWLLN. shared with WWLLN events. The combination of these
shared CLDN events sums to 19413, creating a discrepancy
of (19413-19 128=) 285 strokes. Upon further investigation,
networks must be identified. Previous comparisons involv-it was found that 281 of the shared WWLLN events match
ing WWLLN and other regional lightning detection networks two CLDN events, and two of the shared WWLLN events
have used several different criteria to define shared strokesnatch three CLDN events. Based on a calculation of the
Lay et al. (2004) and Rodger et al. (2005) defined sharedlistance between the CLDN strokes that are shared with the
strokes as those that were within 3ms and 50 km of eactsame WWLLN stroke, none of the multiple shared events ap-
other, Jacobson et al. (2006) ensured that strokes were withipear to be from the same CLDN stroke, however, all but two
1 ms and 100 km of each other, and Rodger et al. (2006) enef them seem to be part of the same storm system. The mean
sured that they were within 0.5 ms of each other. The lattepositive peak current for the shared strokes was 59.2 kA and
criterion is the one adopted in this paper for two reasonsthe mean negative peak current wed6.7 kA. The peak cur-
Firstly, as noted by Rodger et al. (2006), the WWLLN data rent distribution for these shared strokes is shown in Fig. 4
are given to microsecond resolution, whereas the CLDN datalong with that from the CLDN data set alone.
are given to nanosecond resolution. Because of the high tem- The difference between the mean peak current of the en-
poral resolution of the data, it is believed that a time criteriontire CLDN data set and that of the shared data set (14.2 kA
alone should be sufficient to characterize shared events. Seeand 59.2 kA respectively, for the mean positive currents;
ondly, following through with this criterion, it is observed —16.6 kA and—46.7 kA respectively, for the mean negative
that the mean time difference between these shared eventairrents) suggests that the WWLLN's current threshold for
(WWLLN — CLDN) was—6.44 us with a standard deviation detection of lightning strokes is much higher than that of the
of 35 s, thus producing the time difference histogram shownCLDN. This also seems to be the case for the comparisons
in Fig. 5. Notice that 0.5 ms is considerably greater than threawith the Brazil (Lay et al., 2004), New Zealand (Rodger et
standard deviations of the distribution X35 us=105us). al., 2006), and Los Alamos (Jacobson et al., 2006) regional
Initially, a spatial criterion of 50 km was also applied along lightning detection networks. To further demonstrate the
with the time criterion in order to ensure that strokes consid-WWLLN current threshold, Fig. 6 shows the detection ef-
erably separated in space were not considered shared. It wéisiency of the WWLLN relative to the CLDN, as a function
found that this only eliminated 24 shared events and so thiof peak current in 5-kA bins. Notice that below the mag-
spatial criterion was dropped for the results presented hereitude of~20kA, the detection efficiency is negligible, but
because it did not produce any significant effect. for high peak currents, the detection efficiency in the 5-kA
Using the 0.5-ms time criterion, 19128 of all the bins is between 60% and 85%, reachin@0% for the 5-
WWLLN-detected strokes were found to be shared withkA bins at+120kA. The symmetry of the distribution in-
CLDN-detected strokes, thus giving the WWLLN a 2.8% dicates that the WWLLN detects both positive and negative
stroke detection efficiency with respect to the CLDN. strokes equally well as long as they are above the 20-kA peak
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120

- Table 1. The stroke detection efficiency of the WWLLN as a func-
gm tion of peak current threshold.
§ o Peak Current Number of Number of WWLLN
g Threshold (kA)  Shared CLDN-  CLDN Events Detection
% = WWLLN Events Efficiency (%)
g 120 439 579 75.8
8w 100 933 1302 71.7
3 80 1995 3027 65.9
2. 60 4530 7960 56.9
2 40 10241 26725 38.3
g 20 18187 160545 113

e AE T R B e Ak Bk &% b e 0 19128 677 406 2.8

CLDN Estimated Peak Current (kA)

Fig. 6. WWLLN stroke detection efficiency distribution taking the

CLDN as ground truth. Data are grouped into 5-kA bins and the
outermost bins indicate the detection efficiency for strokes that are
greater than 180 kA in magnitude. The vertical dashed lines indicate g , |

—=— local noon +- 6 hours
- - -4 -- local midnight +/-6 hours

bins that have fewer than 50 CLDN-detected strokes. g

b

£ 100
current threshold. The oscillations in peak current beyond E

the dashed vertical lines reflect the lack of statistical data to E -
characterize the behavior in this current range (there are, or:
average,~9500 CLDN-detected strokes in each bin, but be-
yond these dashed vertical lines, each has less than 50). |
Table 1, the stroke detection efficiency of the WWLLN as

a function of peak current threshold is summarized. This
threshold is the minimum value of the peak current, so that 2
the number of events in each entry includes all events whoseZ , |
peak current is greater than the given threshold. The detecé
tion efficiency clearly increases with the peak current thresh- ! ;
old, having a value of 11.3% fat 20 kAincreasingto 75.8% "0 L0l L L LA 4 b b e e v o e
for +£120 kKA. CLDN Estimated Peak Current (kA)

The same data, when grouped differently, can also be

used to observe the effect of the changing ionosphere on theig. 7. Same as Fig. 6, except the data are now grouped into 12-
WWLLN detection efficiency. Figure 7 shows the same in- h periods centered on local noon (solid red curve) and local mid-

formation as Fig. 6, but divided into two 12-h periods cen- night (dotted blue curve). This demonstrates the effect of iono-
tered on local noon (SOIId red CUrVe) and local m|dn|ght SpheriC Changes on the detection ef‘ficiency of the WWLLN. Bins

. . L with fewer than 25 CLDN-detected strokes are indicated by vertical
(dashed blue curve). The vertical lines again indicate the ed solid lines and vertical blue dashed lines for strokes detected

current range beyond which there is not enough statistica[jurmg local noon and local midnight, respectively:

data to properly characterize the detection efficiency of the ' '

WWLLN (less than 25 CLDN strokes in each bin, whereas

the average bin contains4700 CLDN-detected strokes). radiation enhances the ionization of the ionosphere, produc-
The three points indicating a detection efficiency greater thanng the D-region, which increases the absorption of the VLF
100% lie beyond these lines and are the result of the sharegferic energy upon each transit of the layer. A better approach
data set having one more stroke than the CLDN data set fofor evaluating the diurnal dependence of the detection effi-
each of these bins. There is a noticeably higher detectiojency would use the solar zenith angle and define “day” and
efficiency for local midnight than local noon, however the «night” such that they do not include twilight. The 12-h win-
20-kA peak current threshold persists for both periods, agjows used in this study blur the day/night boundary, and as
does the symmetric nature of the distribution. The changeshe season examined was summer at mid-latitudes, the win-
in detection efﬁCiency are attributed to the difference in thedow centered on local m|dn|ght includes Signiﬁcant periods
thickness of the ionospheric D-region between night and daypf solar illumination. Thus, a stronger contrast in detection
During the night, the D-region disappears, thus providing aefficiency between day and night would be expected with the
clear path for the VLF waves to be reflected by the E-regionyse of a solar zenith angle cutoff.

back towards the ground. During the day, however, solar

Ic

troke Detection Effi

40
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The spatial accuracy of the shared strokes was determined sor |
by placing all the shared CLDN events at the origin (0, 1
0) and plotting the corresponding WWLLN events around ) !
this (WWLLN — CLDN). The mean latitudinal offset was 3of L
—3.14 km with a standard deviation of 5.91 km, and the mean ;g 20t
longitudinal offset was 1.62 km with a standard deviation of
6.71km, as shown in Fig. 8. Note that the CLDN locations
are determined from direct line-of-sight ground wave propa-
gation, whereas the WWLLN locations are determined from
sferic propagation, which encounters varying ionospheric
conditions along its path. Thus, the small bias observed2 7 .
in the WWLLN results with respect to the CLDN strokes -30
is expected due to the difference in the propagation of the
signals detected by the two networks. The mean absolute .
location accuracy was also evaluated, and is given by the % —x0 50 20 —10 o 10 20 30 40 50
mean of the distances between the shared strokes. lIts value East-West Offset (km)
is 7.24km with a standard deviation of 6.34km. The ear-
liest study to evaluate the absolute location accuracy of théig. 8. Location offsets between the shared strokes, taking each
WWLLN was by Lay et al. (2004), who obtained a value of CLDN stroke as the origin and plotting the corresponding WWLLN

20.25+ 13.5km. The difference between these results will Sroke relative to it (WWLLN- CLDN). The mean north-south off-
be discussed in the next section setis—3.14 km, displayed as the dotted red line, and the mean east-

Altogether, there were a total of 20 605 strokes detected b)\/N estoffsetis 1.62km, displayed as the dashed red line.

WWLLN, and of these, 19128 were shared with the CLDN,

leaving 1477 unshared WWLLN strokes. Examining thesej,, \he mean spatial offset between shared events; see Ta-
unshared events, 1466 of them occur within 50 km and 1 h Otole 2) of at least one of the boundaries of the grid box and

other CLDN events. Because the spatial dimension of a typyg eyents are within 10km. So it is possible that these un-

ical thunderstorm system ranges from 3km60km, and 516 WWLLN strokes have matching CLDN strokes that
the lifetime of an individual cell in such a storm is of the or- lie outside the grid box for which we have data. Assuming

der of one hour (Rakov and Uman, 2003), it can be assumegh 5t 4| 309 strokes are in fact shared (but mis-categorized
that these are indeed valid lightning strokes that were m'sseﬂecause of our fixed grid boundary) would give a total of

by the CLDN since its efficiency is not 100%. Therefore, the 19437 valid shared strokes, and a detection efficiency of
total number of valid lighting strokes detected in this study iS5 9o, \we also note that if the total number of strokes de-

more likely to be 20 594. tected by the WWLLN (20 605), rather than the number of

_ The remaining 11 unshared strokes are considered “outg oy a5 shared with the CLDN (19 128) is used, the detection
liers”; these comprise a negligible 0.05% of the WWLLN efficiency of the WWLLN increases slightly to 3.0%.
events detected. Such events were also observed in past stud-

ies (Lay et al., 2004; Rodger et al., 2005; Jacobson et al.,

2006). Lay et al. (2004) compared these outlier events to4  Comparison with past studies

results obtained from a balloon campaign, and the regional

network’s raw data; Rodger et al. (2005) and Jacobson eThere have been several previous studies that have char-
al. (2006) both plotted the shared and outlier events and obacterized the detection efficiency and location accuracy of
served that they appeared to be part of the same storm sySWWLLN by comparing it to regional networks around the
tem. Consequently, all of these studies reported that the outworld (Lay et al., 2004; Rodger et al., 2005, 2006; Jacobson
lier events were valid lightning strokes that were missed byet al., 2006). The findings of these studies, along with those
the regional network due to its efficiency rating. This is also of this paper, are summarized in Table 2.

the conclusion assumed for the outlier events in this study. Lay et al. (2004) used a regional network in Brazil called
Moreover, if the CLDN region were expanded by 50 km on the Brazil Integrated Network (BIN), and obtained a detec-
each side of the WWLLN grid region (the spatial dimension tion efficiency (0.5%) that was less than a fifth of the value
for a typical storm system), it is believed that the number ofobtained in this study (2.8%). Conversely, the mean ab-
unshared and outlier events will be further reduced becauseolute magnitude of the peak current they obtained for the
the strokes close to the boundary of the WWLLN grid region shared strokes (85.7 kA) was much greater than that ob-
will be treated appropriately when considering the validity of tained here (48.4 kA), indicating that the current threshold of
the unshared strokes. We have examined the 1477 unsharéde WWLLN has decreased since that study. Furthermore,
events more closely and found that 309 of them are withinthe error in the mean time difference between the shared
20km (chosen as approximately three standard deviationstrokes (200 ps) was much larger than the three standard

rth—South Offset (|
o

|

|

B . |

—40F ° o |
o o o |
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Table 2. Summary of WWLLN comparison studies.

Lay et al. (2004)

Rodger et al. (2005) Rodger et al. (2006)

Jacobson et al. (2006)

Abreu et al. (this work)

Regional Network
Used for

BIN (Brazil Integrated
Network)

Kattron, in Australia NZLDN (New Zealand

Lightning Detection

LASA (Los Alamos
Sferic Array), in Florida

CLDN (Canadian
Lightning Detection

Comparison Network) Network), in southern
Ontario
Data Acquisition 6, 7, 14, 20, 21 March 13 January 2004 1 October 2003 — 27 April — 1 May —
Dates 2003 31 December 2004 10 September 2004 31 August 2008
Region of Interest 40-53W, Southeast Australia 165-18H, <400km radius circle, 41.7-457N,
15-2% S 34-49 S centred at 20N, 82°W  77.4-81.2AW
Number of WWLLN 11 18 20 19 29
Receivers
WWLLN Handling TOA algorithm, TOGA algorithm, TOGA algorithm, TOGA algorithm, TOGA Strdge
Practice Time residuat20 ps, Time residuak20 ps, Time residuak30 ps, Time residuak30 ps, algorithm,
>4 receiving stations >4 receiving stations >5 receiving stations >5 receiving stations Time residuaB0 ps,
>5 receiving stations
Number of G=63893 Total=20182, Total =224 221, Total =8923 316, Total =677 406,
Regional Network G=19313(95.7%), G=204411 (91.2%), G=4196 004 (47.0%), G =568152 (83.9%),
Stroke$§ C =869 (4.3%) C=19,810 (8.8%) C=4,727,312 (53.0%) C=109254 (16.1%)
Mean Peak li|=33.3kA li|=13.8kA G:li|=23.4KA, C(—)i~—18KA, (—)i=—16.6KA,
Current of Cili|=16.3kA C(+)i~9kA (+)i =14.2 kA,
Regional NetworR li|=16.2 KA
Number of Strokes 671 11609 13459 75884 20605

Detected by

WWLLN
Criteria for Shared <3 ms time difference, <3 ms time difference, <0.5ms time difference <1 ms time difference, <0.5ms time difference
Events <50 km spatial separation <50 km spatial separation <100 km spatial
separation
Number of Shared Total =289 (0.5%) Total =5006 (24.8%) Total =6113 (2.7%), Total =71 362 (0.8%), Total =19,128 (2.8%),
Stroked G =5923 (2.9%), eG=52728, fG=18744,
C =190 (1.0%) eC=21437 fc=669
Mean Peak Current |i|=85.7kA li|=14.3kA G:|i| =46.2KA, C(—)i~—31KA, (=)i =—46.7KA,
for Shared Evenfs C:|i|=41.2kA C(+)i~23 kA (+)i =59.2KkA,
|i]|=48.4kA
Mean Time =60+ 200 us =490 s 1=32ps NA 1=—6.44ys,
Difference for o=35us
Shared Events
Mean Spatial Deviation x=+7.3km ¥=-0.9km, NA Cx~2km ¥=1.62km,
for Shared Events o=2.7km o =6.71km
Longitude
Mean Spatial Deviation y=+3.2km y=+2.8km, NA ¢y~—5km y=-3.14km,
for Shared Events o=3.5km o =5.91km
Latitude
Number of 382 (56.9%) 6603 (56.9%) 7346 (54.6%) 4522 (6.0%) 1477 (7.2%)

Unshared Evenfs

Criteria for >30km spatial If not observed with NA >100 km spatial, >50km spatial,

Outlier Events coincidence other campaigns >200 ms time >1h time coincidence
coincidence

Number of Outlier 7 (1.0%) 6586 (56.7%) NA 996 (1.3%) 11 (0.05%)

Eventd

2 Total strokes as well as number of cloud-to-groiggiand cloud strokegC] (% with respect to total).

b Positive[+] and negativé—] mean peak currefit] and when available, mean absolute curf@nt.

¢ Obtained visually from histograms in Fig. 4 of Jacobson et al. (2006).

d For total, cloud-to-groungiG], and cloud C] strokes, % given with respect to the regional network as ground truth, where possible.

€ Does not add to the total. In this study, there were (74-186362=) 2803 WWLLN events that had both cloud-to grof@iland cloud C] LASA events within+ 1 ms.

f Does not add to the total. In this study, there were 283 WWLLN events that had multiple CLDN eventst@Sims.

9 5 is a standard deviatiom, x, y are the mean time, longitude, and latitude differences (WWLLBLDN), respectively.
hog given with respect to the total WWLLN events detected.

NA = not applicable — used when no data are available.
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deviations of this study (& 35 us=105 ps), and as men- Theirs is the only study, in addition to ours, that reported
tioned in Sect. 3, they obtained a mean location accuracy osingle WWLLN strokes shared with multiple local network
20.25+ 13.5 km whereas the value acquired in this study isstrokes. It is interesting to note that they detected roughly
7.24 km with a standard deviation of 6.34 km. These differ- equal numbers of cloud and cloud-to-ground strokes. This is
ences are, however, expected because Lay et al. (2004) dbecause LASA is able to detect both types of events equally
scribed their results as a “worse case scenario”. That studyvell, as long as they are of a comparable current magnitude
was performed when the WWLLN had just begun and was(Jacobson et al., 2006). This may explain the low detection
functioning with only 11 receivers that were all located more efficiency observed in that study, as cloud lightning strokes
than 7000 km from the region of interest. The WWLLN han- typically have a low peak current and so the WWLLN is less
dling practice also differed, using a 20 yus maximum timelikely to detect them due to its relatively high peak current
residual with each stroke being detected by at least four rethreshold (see Fig. 6).
ceiving stations. This WWLLN protocol has since changed,
as noted in Sect. 2.2.

Rodger et al. (2005) used the Kattron regional network in

Australia for comparison with the WWLLN. The detection Regional around-based lightning detection networks exist
efficiency (24.8%) turned out to be much larger than that of 9 9 9 9

any other study, there did not seem to be a current thresholoall over the world, however, they do not extend far beyond

the mean time difference was large (490 ps), and more tharqatlonal borders. Satellite-based lightning sensors provide

half of the events detected (56.7%) could not be accountegaluable data_but cannot provide contmuou_s glc_)bal cover-
. age. The requirement for a truly world-wide lightning detec-
for and were thus labeled as outlier events. These result

U Bon network is therefore unquestionable and has numerous
may be due to several factors. The data was collected in 4 biications. The WWLLN is such a low-cost. real-time
single day (13 January 2004), so a malfunctioning of the re- pp : ’ '

. . . . . ground-based network, which has been operational since
gional Kattron network over the region of interest is plausi- L .
. . _March 2003, and whose aim is to provide better than 10-km
ble. There also could have been unusual sferic propagatio

conditions at that time and location (Dr. Craig Rodger, per-Pocatlon accuracy globally.

L . In this paper, both the CLDN and the WWLLN were
sonal communication, September 2009). Furthermore, thl%riefly described, and the performance of the WWLLN was
study was done when the WWLLN was still in its infancy, '

and so the network may not have been as reliable as its u evaluated between May and August 2008 over a region cen-

dated versions. In order to resolve this issue, a more in-dept ered on southern Ontario, Canada by using the CLDN as

look at the Rodger et al. (2005) results is required, includingground truth. It was observed that the WWLLN detected

; . : .. ~2.8% of all 677406 CLDN lightning strokes, increasing to
an analysis of their raw data and the atmospheric condltlon§ 0% if all WWLLN strokes are used. Bv analvzing the
present at the time. ) - BY yzing

The criterion for shared events in this paper matches thaPeak currents, the data suggests that the peak current thresh-

old for the WWLLN is ~20kA, much higher than the 5-
of Rodger et al. (2006), who compared the WWLLN to the ' . .
New Zealand Lightning Detection Network (NZLDN). The kA threshold of the CLDN. The detection efficiency of the

. - ; WWLLN increases with peak current threshold, with values
0 L
Qetect|0p e.ImC'enﬁy (257 /.0) Odb.ta";]?d bydRodgEi)r etal, (2006)of 11.3, 56.9, and 75.8% for peak currents greater than 20,
is very similar to that obtained in this study (2.8%). However, 60, and 120 kA, respectively. The changing ionosphere was
the number of unshared events recorded was much larger iQb’served to afft"-zct the WWLLN detection efficiency, result-
0 1
Lhoitirsntllcje?c/i (r‘;’?éz /()Tcr)fisthrﬁ:\/\gg_l(j_llj\lesttc:c:;is(aI(Ij:rtl(ta?/t/?/(\j/)irllldsvgi?mg in higher detection efficiency at local midnight than at lo-
9 ' ay be ( . ; cal noon due to the presence and absence of the ionospheric

sor coverage for thg region of interest (see Fig. 2), leading tcb-region during the day and night, respectively,.
the WWLLN detecting many stroke_zs that were_mlssed by the The shared events between th,e two networks were char-
NZLDN (Rodger et al., 2006). Unlike the previous study bY acterized with a<0.5ms time criterion, leading to a mean
Rodger et al. (2005), these data were acquired over a PENO8hsolute location accuracy of 7.24 km with a standard devi-

of 15 months (1 October 2003 to 31 December 2004), thusation of 6.34 km. These results were compared to four pre-

problems with the regional network must be ruled out, OnCevious studies performed using other regional lightning detec-

again, examining the raw data as well as further analyzin%on networks to assess the WWLLN. They were summarized

T[he unsharet_j events would be key to understanding how thlgnd found to be generally consistent with the results obtained
issue has arisen.

Finally, Jacobson et al. (2006) obtained similar results this paper. In conclusion, the goal for a WWLLN cloud-
to those achieved in this study using five months of dat tojground Ioc_qﬂon accuracy of less than_lo km has been. met.
) ) . AWith the addition of more WWLLN receivers, the detection
from the Los Alamos Sferic Array (LASA) in Florida. They

found a WWLLN detection efficiency of 0.8% (compared to efficiency of the network should continue to improve.
2.8% acquired here), and observed that 1.3% of the WWLLN
strokes were outlier events (compared to 0.05% in our study).

5 Conclusions
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