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Abstract

The technological achievements leading to modern multi-sengbinilng locating systems
(LLSs) came about because of the efforts of innovative ssienéind engineers who have
exploited the development of key enabling technologies over th8Qasyears. Today, lightning
in all corners of the world is monitored by one or morediaor space-based LLS. The
applications that have driven these developments are nunandugried. This paper describes
the history leading to modern LLSs that sense lightning iadifields at multiple remote
sensors, focusing on the interactions between enabthgdigy, scientific discovery, technical
development, and uses of the data. An overview of all widedd detection and location
methods is provided, including a general discussion of thetiveelstrengths and weaknesses for
various applications. The U.S. National Lightning Detechimtwork™ (NLDN) is presented as
a case study, since this LLS has been providing real-igh&ning information since the early
1980's, and has provided continental-scale (U.S.) informaticedearch and operational users
since 1989. This network has also undergone a series of impnoigeduging its 20+ year life, in
response to evolving detection technologies and expanding requirdorespplications. Recent
analyses of modeled and actual performance of the curreDNNdre also summarized. The
paper concludes with a view of the short- and long-terminements for improved lightning
measurements that are needed to address some operfisajem@stions and fill the needs of
emerging applications.
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1. Background and Early History
Lightning is both beautiful and dangerous. The bright imagethe sky that entertains us is a
direct threat to air and ground-based operations, aadréflection of other destructive forces
associated with thunderstorms and severe weather. d-@®e@round (CG) lightning is the single
largest cause of transients, faults, and outages inriel@ciwer transmission and distribution
systems in lightning-prone areas. Additionally, lightningaisnajor cause of electromagnetic
interference that can affect all electronic systerhgse problems have been alleviated somewhat
by the development of automatic multi-sensor lightning logasystems (LLSs) dating as far
back as the 1920’s. Modern LLSs are able to determine thigolocantensity, and movement of
thunderstorms in real-time and the location of lightningsea damage to resources and
infrastructure. Typical users of lightning information lude aviation/air traffic authorities,
weather services, land management entities, forestcesyvand public utilities. Archived and
real-time lightning data are also being used in many afegsophysical research and in forensic
and insurance applications.

1.1 Background

Lightning flashes can be broadly grouped into two categerithose that strike the ground and
those that do not. These two groups are further subdivideetib@n the specific pathway and
direction of the current that travels in the bright chanasiociated with each flash. The most
prevalent flashes do not strike ground, and are commonlyedfen as “cloud flashes.” These
flashes serve to reduce spatial differences in charipnva cloud or between clouds. A typical
cloud flash begins within or close to the main negativarge region in the cloud (typically at a
height of 4-8 km) and propagates toward an upper positive cregigs (typically at a height of
8-12 km). Other forms of cloud flashes and CG flashes aprigked in detail in Schonland [1]
and Rakov and Uman [2]. A concise overview is provided by tJamal Krider [3].

Cloud lightning is important for a number of reasonsudlflashes typically outnumber CG
flashes by a factor of two to ten in most ordinamynitherstorms (e.g. Boccippio et al. [4]). Severe
storms, however, produce much higher rates of cloud lighttiag CG flashes, with some
storms producing no CG flashes at all [5]-[7]. Cloud flaslieerefore, can provide an important
indication of both the growth rate and intensity of thusttlems, leading to important
applications in nowcasting [8]-[9]. In most thunderstormsudl flashes precede the first CG
flash as the storm begins to develop and become eleattiiiygpical times between the first cloud
flash and first CG flash range from a few minutes fevatens of minutes [10]-[11]. This lead
time makes it advantageous to use observations of cloud tighimiprovide lightning warnings
when storms develop overhead. Finally, the cloud lightningaiger storm systems such as
mesoscale convective systems (MCS) often has a largeohtai extent [12], and embedded
within this activity are intermittent CG flashes. Detteg the cloud lightning associated with
large systems provides better warnings of the CG lighttiregt.

We briefly introduce the terminology associated with Cf5Hes for the first-time reader. Details
are provided in [1]-[3]. The most common type of flash assediavith ground attachment
transfers negative charge from an electrified cloudgromnd in one or more locations. Much of
this charge is transferred in a sequence of indivicetaln strokeghat have peak currents in the
range of a few kA to more than 200 kA. The return stroke® la nominal duration of 10’s of
microseconds, and are typically separated in time byo2ID® milliseconds. A lightninflash
typically contains 2 to 4 return strokes, but may contaif@a@sas one and as many as 20 strokes.
The number of strokes in a flash is frequently ref@rto as thenultiplicity. Additional charge
may be transferred in@ntinuing currenthat persists during the inter-stroke intervals. Fanyna
flashes, thesubsequent stroke@.e. the strokes which occur after the first stroke iffagh)
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contact the earth at the same strike point as thedirske because they travel through the
channel established by the first stroke. However, 30% to 5088 flashes contain strokes that
produce different ground strike points, separated by up taadekidometers. For practical
purposes, some researchers have defingash as the ensemble of all CG strokes that strike
within 10 km of each other within a one second interval.

Both cloud and CG flashes radiate electromagnetic energy a wide range of frequencies.

Most of this energy is contained in pulses or high-frequébarsts” that come with a wide range

of risetimes and durations in the time domain. These amggan be broadly categorized and
processed in traditional radio-frequency ranges tHateréo common signal processing bands.
Breakdown processes that create new lightning channels angréegsses that re-illuminate

existing channels will produce strong emissions in the VHF .0@neé type is quasi-continuous

over a couple of milliseconds and does not exhibit distindtgpdaring that time. The other type

consists of well-defined bursts of narrow, microsecondesqallses. Fast-moving negative

streamers (recoil streamers) and dart leaders tenohitothee more continuous radiation bursts,
while preliminary breakdown tends to correspond to impulsiviatiad bursts. Stepped leaders
in negative CG flashes also produce impulsive emissionsiagsbuvith step lengths on the order

of tens to hundreds of meters, but as the leader approgahesd and the branched structure
becomes more complex, the emissions begin to look moreigoos in time.

When there are large transient currents in long, previasthblished channels (such as those
that occur in CG return strokes and some cloud pulsesjnalse powerful emissions are in the
LF and VLF ranges. In the VLF band, the radiation is dotathdy return strokes, as first
shown by Malan [13, section 13.9]. Cloud discharges producaddmsndreds of small pulses
with most of their energy in the upper LF range and highisually, relatively little VHF activity

is produced by the high-current components of lightning sechetrn strokes. Some typical
waveforms of return strokes and cloud pulses are showigumeFl, taken from Krider et al. [14].
More information regarding field waveforms for produceg ddloud and CG processes are
provided in [15]-[16].

Given the differences in the rates and amplitudes ofldotremagnetic radiation at the different
frequencies, different techniques are better suiteddtecting various processes in cloud and CG
flashes, as shown in Figure 2. Vertically-polarized tramspulses in the LF and VLF frequency
range propagate along the surface of the earth and have leEktoudetect and locate return
strokes in CG flashes for many years. Sensors thahteper the LF and VLF range can also be
used to detect and locate the larger pulses produceduny ftdshes. Such sensors can also detect
and locate very distant lightning because VLF signalspcapagate thousands of kilometers as
they reflect between the ionosphere and the ground. Thisrémgg propagation allows some
“large” flashes to be detected in very remote areas ar tbeeoceans where sensors cannot be
installed.

Sensors that operate in the VHF frequency range ardlyegeasitive to the breakdown and
leader processes that occur in both cloud and CG flashesu&eVHF signals tend to be limited
by line-of-sight propagation, VHF sensing systems tendat@ la limited range. However, the
line-of-sight propagation, coupled with the fact that VHFhtiigng impulses have a short
duration, allows the VHF sources to be modeled as point soamceaccurately located in either
two or three dimensions.

1.2 Early History of Lightning Detection
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The development of modern lightning detection instrumentatisnblean driven by both basic
scientific interest and by a variety of applications aractical needs, but of these, applications
provided the sustaining force. The requirements for apitacome in many forms, including
new value-producing capabilities, improvements in qualityfvéiig of the information, and cost
reduction. The detection and location of lightning using grenasbd LLSs and satellite-based
sensors is no exception.

According to Norinder [17] the earliest measurements direa@eédunderstanding the
electromagnetic fields produced by distant lightning wengied out by the Russian physicist
Popoff in 1895. Popoff employed a “coherer” invented by E. Bgamh 1890, which soon
became the essential element in wireless telegraphylaidredevelopment of deForest’s vacuum
tube triode and the cathode-ray oscilloscope allowed AppléMatson-Watt and Herd, and
others to visualize the radiation field waveforms assatiaith these field changes, giving birth
to the quantitative analysis of atmospheric radio sigmal$920. At that time, these “radio
atmospherics” (sferics) were viewed as a source off@nence for the then-emerging field of
long-range radio communications. At that time, measuremeh electromagnetic fields
produced by lightning were typically obtained using narrowbauwlibrreceivers in the VLF and
LF frequency range, operationally used for ship-tosshoadio communications. These
instruments helped to characterize the ionosphere andets effi radio propagation [18]-[19].
Before the development of weather radars, narrowband VI€ri¢s’ detection systems
employing two or more spatially-separated magnetic-dordinding (MDF) receivers were the
primary means of identifying and tracking thunderstormsnatlium and long ranges with
location accuracy of several 10's of km — a broadly utilized during World War Il. Norinder’s
1953 publication [17] provides an excellent overview of the histbilgrng-distance location of
thunderstorms.

Time-of-arrival (TOA) geolocation technigues were develbfme marine navigation purposes in
the 1930’s and 40's [20] were first employed in the geo-locatidightning in the late 1950’s, as
described by Lewis et al. [21]. A constant differencéhie arrival time at two stations defines a
hyperbola, and multiple stations provide multiple hyperbolas wintgesections identify a
source location. This technique is illustrated in Feg@rfor various geometries. Under some
conditions, curves produced from only three sensors willtrgstwo intersections, leading to an
ambiguous location (Figure 3b). Lewis et al. geolocatgatrling at great distances from the
sensor array, resulting in a geometry such that eaclopaégnsors has one line-segment of their
associated hyperbola pointing in roughly the same diredfagure 3c). This fact caused the
technique of Lewis et al. to be referred to as “hgpke direction finding.” A major challenge
for the early TOA systems was the need for precise-siynehronization of multiple remote
sensors. Modern techniques that address the limitatioresirly direction-finding and TOA
methods are discussed in the following sections. More-ddtariformation about the early
history of lightning measurements and detection systemoisded in [2], [22]-[23], including
general descriptions of basic lightning geo-location methods.

The following sections provide more detail about modern lightioogting systems. Lightning

Mapping systems are covered first, since they provide the nowsplete representation of
lightning flashes and thunderstorms. Modern VLF /LF systemhsréd to provide both CG and
cloud lightning information are discussed in Section 3ii@e@ covers Long-range and global
lightning locating systems. A detailed case study of the. Bl&ional Lightning Detection

Network (NLDN) is provided in Section 5. Single-station tighg locating systems are not
addressed in this work.
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2. TOTAL Lightning Mapping

Total Lightning Mapping involves visualization of the detailedtisp@and temporal behavior of
both cloud and CG flashes in two or three dimensions,dllpiachieved using TOA or direction-
finding location methods. Various mapping systems have been dedelopethe last 50 years,
operating in various frequency ranges and bandwidths. Byssems focus on detailed discharge
structure, but do not provide direct measurements of polahrge, or current magnitudes. The
most successful systems to date operate with moderatartow bandwidth in the VHF range.
Efforts to map lightning flashes and thunderstorms usingi+seitisor VHF measurements seem
to have begun with the approach outlined by Oetzel anctéPi@4] which illustrated the
fundamental equivalence of modern-day interferometricTéadd-based location methods.

This section provides an overview of interferometric dicecfinding and time-of-arrival system
for lightning mapping, and discusses their relative strergytdsveaknesses.

2.1 Direction Finding Based on Interferometry

As noted in Section 1.2 (related to VLF detection) ansbagested by Oetzel and Pierce (related
to VHF detection), one can derive arrival-angle informati@sed on arrival-time-difference
information using an “interferometric array” of two imore “closely-spaced” sensors (antennas).
“Closely spaced” means that the separation distance betiweesensors in the array is small
compared to the distance from the array to the signal sourdhe VHF case, the antenna
separation is on the order of meters, and the distammee$0s to 100s of km. This geometry is
illustrated in Figure 3d, where it is clear that paifsensors provide hyperbolas that point in the
same direction. Hayenga and Warwick [25] showed that @wband radio interferometer could
be used to measure the azimuth and elevation angles of liglstmimges at VHF frequencies.
Rhodes et al. [26] and Shao et al. [27] have developed thsigee further and have used
single-station interferometers to improve our understanding oflélielopment of both IC and
CG lightning. These were single-station systems that proddedojection” of lightning onto a
plane. It is possible to obtain 3D locations using interfeetry by deriving an elevation angle
using special antenna arrangements [28]-[29]. The soura&da is then obtained by computing
the triangulation of the azimuth and/or elevation fromeast 2 sensors [30]. For such networks,
the typical distance between sensors is in the ran§@-¢60 km, and they are composed of at
least 3 sensors. By assuming that the source does notsigoifeeantly in azimuth for a given
duration, these systems can take advantage of the nunpamads of the signal to determine an
average time difference over the whole integration pdiimdhe form of a phase difference).
Richard et al. developed a commercial version of thisesysiperating in 2 dimensions that is
able to locate both IC and CG flashes [31]-[32]. Their seimsegrates over a 100 uSec period,
resulting in azimuth errors in the range of 0.3 — 1.0 degrée with LF/VLF direction finding
systems, the location accuracy of these systems is depamdsensor (array) spacing. Based on
simple geometry, the location uncertainty of a sensor Wit degree azimuth error for a
discharge at a distance of 150 km is 1.3 km. The location @ practical network of such
sensors (with sensor baseline distance of ~100 km) wigerdrom half to double this value,
depending on the number and geometry of the sensors thettttieteischarge. The principles of
interferometric lightning location are described in ddtgil ojou et al. [33].

Most interferometric systems operate over very narreguency bands (a few hundred kHz to a
few MHz in the VHF/UHF bands), since this allows the systto have high sensitivity in a
specific “quiet” band of operation. However, it also makes system performance subject to
local broadband interference, may not provide the highesthb®ssignal-to-noise ratio, and
places a specific limitation in the spacing of the antesmnay elements to avoid arrival-time
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(phase) ambiguity. However, work by Shao et al. [34] enwte-recent independent work in
Japan [35]-[36] demonstrate a trend towards using broadbanfdiateetry. This trend is made
possible by the advent of affordable broadband RF and dsggti@él processing electronics.

2.2 TOA Methods Operating at VHF

Proctor [37] provided the first accurate system to perf@rid “total lightning mapping” by
measuring the difference in the time of arrival of terafiprisolated VHF pulses measured at
five “widely spaced” sensors that were time-synchronipedithin ~ 100 nS. “Widely spaced”
means that the separation distance between the samsorsairay is on the order of the distance
from the array to the signal source, with the assumptidritibasignal is essentially produced by
a point source. Four or more independent arrival-time mneagents allow calculation of the
time, latitude, longitude, and altitude of a “source”. Tgpidistances between sensors, to allow
accurate data reconstruction, are in the range of 10-40 kmost cases, such networks are
composed of 7 to 12 sensors. This location method iseat dixtension of the two-dimensional
hyperbolic method discussed in Section 2.2 and illustratéehure 3. The first real-time system
to employ this technique was developed at NASA Kennedy S@acger. This Lightning
Detection and Ranging (LDAR) System was capable of providirgettlimensional locations of
more than a thousand lightning sources within each lighttasi f38]-[39]. This system was
similar to that of Proctor, but the data acquisition wasomatic, and the data displays were
generated in real-time. In 1997 NASA entered into a techndlaggfer agreement with Global
Atmospherics (now Vaisala) to build a commercial versiothefLDAR system. Only a few of
these LDAR-II systems were produced, given that mogtettrrent interest in such systems is
related to applied research. These include a continuopsiated system at Kennedy Space
Center (owned and operated by the U.S. Air Force of behdlfASA), and one in the Dallas,
Texas area (owned and operated by Vaisala, for resparpbses).

In 1998, researchers at the New Mexico Institute of Miaind Technology (NMT) began work
on a portable “Lightning Mapping Array” (LMA) employing this 3D AQ@echnique that was
designed for research purposes. Their first system wasdlyndeployed in Oklahoma in 1998
[40] and then in central New Mexico [41]. The LMA systand its performance are detailed by
Thomas et al. [42]. This paper shows that sources oveethark can be located with an
uncertainty of 6-12 m rms in the horizontal and 20-30 m rms indftieal, resulting less than a
100m 3-dimensional error for most located sources. Tluisptional location accuracy is a direct
result of arrival-time measurement errors of 40-50 nS rms.

Today, 3-dimensional VHF TOA lightning mapping gys$ provide the most complete record of the
spatial and temporal development of lightning chisnmaaking it possible to infer complex charge
structures in clouds [43], [7]. A sample recorchirone of these systems, first shown by Rison et al.
[44], is shown in Figure 4 and illustrates thestiavolution of. a negative CG flash as detectauiem
LMA system. During this “bolt from the blue” flastine system was operating with an extremely short
time window (10 ps), and more than 600 hundred V&tfirces” were located for this flash. The top
panel of the display shows an altitude (km) vset{seconds) plot of about 500 ms of data (10 ms per
small division). Each point in this plot represemtsdiation source that was located in three dsiors

and is associated with localized air breakdownezhby very high local electric field at the tip afelf-
propagating leader. The color changes denotentigesequencing of the located events. Note that the
mapping system first detected a sequence of upvasmd-gources starting at a height just below 9 km
and going up to about 10 km. These sources arei@ssbwith a developing negative leader. Current
flowing in the channel established by this leadeuld have produced one or more vertically-polarized
small cloud pulses in the LF frequency range whiohict be detected a distances of over 100 km.
Approximately 10 ms after flash initiation, 2-3 dnals are clearly visible travelling horizontaky the
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next 200 ms. Given the horizontal nature of curflw in these channels, any LF cloud pulses
generated in the LF frequency range will have azbwotal polarization, resulting in very small peak
fields at distances greater than a few 10’s of Kimis early portion of the flash is similar in belao a
typical cloud flash. Starting at approximately @25 GMT, the remaining propagating leader begins a
step-wise decent toward ground with an average wawhspeed of about 1.3 X18Vs, striking the
ground at 01:28:26.060 GMT. The small triangle espnts the detection of a typical magnitude (-19.5
kA) negative first return stroke by the U.S. NLDMmoving charge from the ionized channel
established by the stepped leader. The small nurfileaucces located in time between 26.060 and
26.210 seconds reflect reorganization of charglearcloud as a result of charge removal by themetu
stroke current. Starting just prior to 26.220ast-propagating “dart leader” begins its decenataw
ground with a vertical speed in excess of s, reaching the ground in less than 10 ms. The
subsequent return stroke that removed the charge tiis leader channel was not detected by the
NLDN, and likely had a peak current below 10 kAref though all the leader processes that produced
VHF emissions also produced visible light, non¢hef activity above about 4-6 km altitude could be
seen by an observer on the ground due to obscubgticdouds.

The lower right panel in Figure 4 contains a histagof the number of sources as a function of height.
The largest fraction of the sources was locatedtiat is presumed to be a positive charge region
between 8 and 10 km altitude. The primary negatherge region is likely between 6 and 8 km,
suggested by the small number of VHF sources (dtiaer the stepped leader itself) in this altitude
range, thought to be produced by “quieter” positikeakdown [7], [45]. The sources below 6 km are
associated with branching in the downward negéeader. The lower left panel shows an altitude vs.
horizontal distance plot of this flash, lookingrfrahe South to the North. The located sourcesisn th
panel use the same color:time coding as the uppet. pH is clear that during the early portionttoé
flash there is one major upward channel and onedmbal channel at an altitude of about 9 km. The
downward leader appears to originate at the saca¢ida as the two earlier leaders before it beitggns
decent towards ground. Given the high time-reswiuti these data, one can also see much of tte radi
branching of the downward stepped leader (greeryealfmlv sources) that is typical of negative CG
flashes. Finally, it is clear that the dart leafted sources) travel in the main “trunk” of theliear
channel associated with the first return stroke dlear depiction of the low-altitude stepped leaahel

the dart leader are generally not possible using-b&sed VHF lightning mapping techniques when
using the more typical time resolutions of 80-580 p

Clearly, this technique provides unprecedented|ddtait the time evolution of lightning discharges.
However, it should be notes that as the number of sinedus branches increases, the random time
interval between VHF emissions becomes sufficiesiityrt to prevent detection of all branches. Curren
algorithms for sorting and matching sensor respoigsthese discharges suggest that the highesofiel
located sources ((6-8 thousand located sourcdiagiey seems to be achieved by limiting the arglysi

the largest pulses in 30-40 microsecond periodsdpal communication, Hareld Edens and Ron
Thomas, New Mexico Tech). Modern high-end PC’s amal Workstations are capable of processing
these data in real-time for networks with up toutd® sensors, covering a domain radius of a few
hundred km.

2.3 Inter-comparison of VHF Interferometry and TOA  techniques

The fundamental practical difference between interfergmand time-of-arrival techniques
resides in the interdependence of measurements among thes\egitsors. Each time-of-arrival
sensor identifies a unique feature of the signal in daerovide precise arrival times (~ 100 nS
accuracy), and that feature must be seen in common as®regal widely-spaced sensors.
Potential features must be sufficiently separated ie tisnavoid miscorrelation among sensors.
Since an interferometric sensor (a closely-spaceayansf antennas) provides a single angle
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measurement from one location, the simultaneous signals eteteygtthese antennas can be
assumed identical, other than differences in theivartime (or phase, for a narrowband signal).
Therefore an interferometer does not require any spesitical shape, and can integrate the
signal arrival-time differences over long time intervals.g, 10's of uS). This allows
interferometry to operate quite well on noise-like signal

Given this background, some broad generalizations can be nmadenittent or isolated
pulses are best suited to Time-of-Arrival techniques &/leeach sensor reports the precise arrival
time of the largest VHF emission “feature” in short (~1() time intervals. Longer-duration
VHF emissions with little amplitude modulation are well editfor interferometry. This
categorization is somewhat of a simplification. In fagtme-of-Arrival networks are also able to
locate multi-pulse events or even continuous emissioangsds there is sufficient modulation of
the amplitude to allow a precise time stamping of the evaastdemonstrated in Figure 4 above.
Similarly, Interferometric networks are able to operah short pulses as long as the integrated
signal level over the acquisition period is large enough $arema sufficient signal-to-noise ratio
[28]. Figure 5 shows a recorded waveform that can be usdldidwate the conditions under
which each of these techniques operates best. The wawvefothe r.m.s. amplitude of a
narrowband waveform (centered at 114 MHz) integrated owsrtihe windows. The narrow
pulses are well suited for time-of-arrival mapping techesgwhile the more-continuous one near
the end of the record (lasting about 300 uS) does not produceqaeutime-feature with
sufficient time-resolution. However, this later more-agwnbus process provides an excellent
signal for interferometry to obtain one or more azimutbes

There have been a few direct comparisons of VHF interfefrgnand time-of-arrival systems.
Mazur et al. [46] found that the NASA LDAR time-of-amvsystem preferentially detected
sources associated with virgin breakdown processes, withgatipa speeds on the order of 10
- 10’ m/s. This is consistent with studies suggesting that k& hnd LDAR systems are well-
suited to detect the pulse-like emissions produced by negatider Ipeopagation in a step-like
fashion. Mazur et al. also found that the ONERA 3Drfetemeter responded best to fast-
propagating (10— 10 m/s) processes that produced fairly continuous VHF samis for 10’s of
microseconds, such as those produced by dart leaders. rigtmently Lojou and Cummins [47]
carried out a detailed study based on observations obtaingd) dwrmmer 2005. They have
shown that although the two techniques preferentially tetifflerent processes in a flash, both
provide similar representation of the two-dimensional spafidltemporal characteristics of cells
and storms, including counts of flashes. They have alsorslioat 2D VHF interferometric
networks can cover larger areas with fewer sensors 3BarvVHF Time-of-Arrival systems,
because the sensors can be spaced farther apart. Thélatgtes wider sensor spacing has the
side effect of poorer source location accuracy — approglynat2 km, as compared to 100m for
VHF Time-of-Arrival. This study also confirmed the gter flash and storm detail provided by
both VHF networks, when compared to systems operatitigeibF frequency range. Of course,
this comes at a cost of additional sensors and systemeatyp The complementary nature of
the two VHF technologies for basic research was clearlgatefl in the detailed spatial and
temporal evolution of individual flashes shown in this paperiarthe work of Mazur et al. [46].
It is clear that VHF Time-of-arrival provides a more @ete representation of the three-
dimensional time evolution of a flash, but interferometry piesiinformation about important
faster leader and streamer processes that are generalyeltoepresented by time-of-arrival
data. This fact supports the concept for a new combined cbsesgstem currently being
developed at ONERA [48]. It should be noted that limote in sensitivity prevent both of these
systems from regularly detecting and mapping positivéelesawhich are known to occur in all
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lightning flashes. Additionally, a VHF mapping system musiude height information (or
supplementary information about return strokes) to reliabtyndisish between cloud and cloud-
to-ground flashes, because the VHF activity directly agtsst with return strokes is limited and
difficult to detect and locate.

3. Wide-Area Lightning Detection in the VLF/LF Frequency Range

In this section we review the history and technical evolutbriprecise” lightning detection
systems that operate on ground-waves in the VLF/LFu@ecy range. Essentially all methods
that provide accurate information about the location, polaaitg peak current of return strokes
in CG lightning operate in this frequency range. We lyridéscribe the enabling technologies,
the applications of the data, and the detection methods.

3.1 Enabling Technology and Uses of the Data

The technical “roots” of precise CG lightning detection sthwith the commercial development
of gated, wide-band magnetic direction finder (DF) by Lighgriiocation and Protection (LLP)
in the late 1970’s [49]. These sensors operated in the timeidoaver the full VLF/LF
frequency range and used a set of waveform discriminatiteria to limit the response to just
return strokes in CG flashes. This technique provided margnéalyes over previous systems
because by sampling the proper waveform at the proper tithenwihat waveform (the initial
peak), non-lightning sources and cloud discharges could ib@nated and the azimuth
measurement was optimized for determining the ground striaidm. These systems were
magnetic direction-finders that used two orthogonal loop anseinnzonjunction with an electric
field antenna to eliminate a phase ambiguity [49]-[5@].is worth mentioning here that this
sensor and the associated signal processing elements oatydpractical after the development
of large-scale, analog and digital integrated cirdaithie 1960’s and 1970’s.

Initially, the LLP sensors were developed for the BB&reau of Land Management to address a
critical need - early detection of lightning-caused fireg-or this application, individual
directional sensors were placed at BLM operational fesliand were coupled to signal
processing electronics and an x-y plotter. Each detéf@dtroke would produce a “vector” on a
compass grid, and the length of the vector was proportiorthktsignal strength. A particularly
valuable benefit of employing magnetic-field sensing is thatfitié strength measurement is
minimally sensitive to antenna height and nearby conducting ntteoy conditions.” The
information from these sensors could be used independenttpmbined with data from weather
radars and/or additional DF stations to locate thundenstanore precisely. Eventually, large
networks of LLP sensors were established throughout teeemeUS, Canada, and Alaska [14].
The early systems only responded to negative return strbkedecause positive strokes are
important for the ignition of wildland fires, and withaauragement from researchers at the U.S.
National Severe Storms Laboratory (NSSL), an “option” pft@cess positive strokes was
incorporated around 1980.

By the early 1980's, the LLP DF sensor was being used inietyaf operational and research
applications throughout the U.S. and Canada. One of the mkstwas the “East Coast” network
operated out of the State University of New York at Ap@SUNY/A), under the direction of
Richard Orville. This network eventually evolved to become “flist instance” of the U.S.
National Lightning Detection Network (NLDN), describeddigtail in Section 5.

Properly calibrated DF systems that were correctedsite errors [51] and that employed an
optimization-based location algorithm were able to lo€&: strokes with an accuracy better
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than 500m for sensor baseline distances of less than $82kmHowever, location errors for DF
systems are directly proportional to baseline distgneesa network composed of DF sensors
with 200-300 km baselines can only provide location accuracy iratige of 2-4 km at best [53].
This location accuracy was generally sufficient for stocharacterization and tracking in
nowcasting applications, but could not satisfy applications ithwlved analysis of individual
strokes and their interactions with specific poirftsaterest. Key examples include insurance
claims processing related to lightning damage, and plivgefault analysis [54].

The need for improved location accuracy for some applicatiblightning information led to the
development of systems based on broadband time-of-arri@d)(Techniques. To first order,
the location accuracy in the interior for these systermedEpendent of sensor baseline distances,
and is directly proportional to the error in the arditale measurements. The mechanism for the
small relative error in the interior of a TOA-basedwwk is illustrated in Figure 6. The stroke
occurring inside the network is located by three sensaB,C , represented by the intersection
of two hyperbolas (solid lines). The dotted lines placed sgtmoally along the solid lines
represent hyperbolas of fixed timing deviation (error) ftbm‘true” value. For this stroke, these
lines are essentially parallel to each other, suggesatmetatively small location uncertainty (solid
diamond that is nearly square). The stroke occurring outsideetveork has a very elongated
region of location uncertainty, resulting from both theenparallel intersection of the hyperbolas
and the diverging nature of the dotted lines that represemftect of timing error.

The first commercial lightning detection network employingnetiof-arrival sensors

(manufactured by Atmospheric Research Systems (AR®8§3 installed throughout the
continental U.S. in the late 1980’s [55]-[56]. Unlike the syst&iiewis et al., this system

located lightning in the interior of the network of TOA-regeng. This technique is capable of
sub-kilometer location accuracy for CG lightning strokes usingrindtion from 3-4 ground-

based remote sensors operating in the VLF/LF frequemget

The lightning location methods commercialized by ARSI abB were eventually merged into a
common technique, referred to as the “IMproved Accuracy thrdtigimbined Technology”
(IMPACT) algorithm that allowed simultaneous use of azimuatbrmation from DFs, arrival-
time information from LPATS sensors, and combined DF:T@formation from IMPACT
sensors [2], [23], [57]. The algorithm produces threemegtd parameters -- latitude, longitude,
and discharge time. Thus as few as two combined IMPAEisors provide redundant
information which allows for an optimized estimate o€dtion. The IMPACT algorithm can
utilize information from any combination of direction findin§OA, or combined (DF/TOA)
sensors. Figure 7 shows a typical lightning stroke in @dotihat was detected by five sensors in
the NLDN — three IMPACT and two LPATS sensors. Thedlion (azimuth) measurements are
shown as straight-line vectors, and “range circles” cedten each sensor represent the time-of-
arrival measurements in the form of the propagation tiora the discharge to each sensor. The
IMPACT systems are now the most common configuration, giversria number of sensors
required to produce a location, and the use of calibratepheha field measurements for peak-
current estimation [58].

One of the benefits unique to LLS’s operating in the VIEFhand is that the electromagnetic
fields produced by CG return strokes contains useful nmition about the return stroke current.
Uman and others have developed models that describe the shidygeetectric and magnetic
fields that are produced by return strokes at diffedestances [59] — [64]. The goal of much of
this work has been to understand better how lightningiats couple to electric power systems.
Most of these models are consistent with the thoughtimaig the initial rising edge of a return
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stroke, i.e., up to the time of the initial peak currdm, waveform of the distant (radiation) field
can be well-approximated by the simple “transmission lindeti [62],

_ MV I(t—=D/c)
27D

Erap (1) = 1)

where E is the vertical electric field on the groundasd perfectly conducting) at time § ig

the permeability of free spacejs the upward velocity of the stroke (assumed constant)thear
ground,| the current at the base of the channel, c is the speéghtfdnd D is the horizontal
distance to the flash [59]. (Note: An upward propagatogitive current produces a downward
directed electric field.) The expression for the horiziontagnetic radiation field is the same,
scaled down by the speed of light. This finding suggestgtibaise-to-peak parameters and peak
current in a return stroke can be estimated from a teermeasurement of the electric and/or
magnetic field if the source location and the return strokecitg are known, if the propagation
losses due to finite conductivity are accounted fad, ibthe sensors have sufficient bandwidth to
measure the peak field without significant distortion. Warkr the past 15 years, summarized by
Rakov [65] has shown that a calibrated LLS can provideonedde peak current estimates for
subsequent strokes in negative CG flashes that remaineristing channel, with errors in the
range of 10-15% between 15 and 60 kA. Lower-current strokes hgee fsercentage errors. To
date, there is little experimental data that can bel igeevaluate errors in LLS-based peak
current estimates for negative strokes creating a newndrattachment (first strokes and new-
channel strokes) and for positive first strokes, althougtkwy Jerauld et al. [66] suggests that
the transmission line model may also accurately représercurrent:field relationship in the case
of the above-ground attachment that occurs in new-channelveegtiokes.

3.2 Modern VLF/LF systems

This section briefly reviews modern lightning locating systeand capabilities. The specific
systems were selected for discussion because they denmribaglobal “installed base” of
operational LLS, or because they represent some innovatondbevhat has been discussed thus
far. The U.S. NLDN is discussed separately in Sectionn&luding its history, technical
evolution, and current status.

The largest single-owner LLS other than the NLDN is the. P&cision Lightning Network
(USPLN). This network employs the VLF/LF time-of-aaitechnique pioneered by ARSI in the
late 1980’s, recently re-engineered by TOA systems, lhis ystem employs over 100 E-field
sensors covering the continental U.S. and other portiondNarth America. No formal
performance validation studies regarding this system hese teported, but the operators of the
system report greater than 90% stroke detection eftigié€DE) and 250 m typical location error.

There are more than 60 LLS networks worldwide that empmloynmercial instrumentation
operating in the VLF/LF frequency range. Most of these mdtsvemploy IMPACT sensors
developed by LLP/Global Atmospherics (now Vaisala), and fgrisarily on CG lightning.
Examples of large networks include the multi-national Euaopeetwork called EUCLID [67],
[68], the Japan Lightning Detection Network called JLDN [@B¢ Brazilian National Network
called BrasilDAT [70]-[72], the Canadian Lightning Detection ratvcalled CLDN [73], and
the South African national network [74]. The highest resolut® LLS networks are the
Austrian Lightning Detection Network called ALDIS [67] whialso contributes to the EUCLID
network, and NASA's CGLSS covering Kennedy Space Centerandgal USA [52]. A small
number locally manufactured LLS are located in Chamal some limited studies using data from
these systems are in the literature [75]-[76].
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A number of recent system approaches have focused omgppatses produced by cloud flashes
and in-cloud components of CG flashes. The relative amdglitof radiation fields for cloud
pulses and return strokes is a complicated function of the bdifdwf the sensor and the
distance to the source of the discharge. Spectral analybi®adband waveforms produced by
in-cloud and CG flashes indicate that the largest posiigenegative intracloud pulses exhibit
about 10 dB lower amplitude than return strokes in the frequenge of 100 kHz to 1 MHz
[77], with even greater differences below 100 kHz. Sensartsemploy an upper-frequency limit
less than about 400 kHz will therefore inherently show a yaede to detect CG strokes. This is
illustrated by an experiment carried out by Murphy and Cumnmnl1998 [78]. During this
experiment, an electric field sensor with a bandwidbimfil kHz to 400 kHz was used to detect
all pulses with peak amplitude greater than about 0.2 Vimese pulses were time-correlated
with observations of cloud flashes produced by NASA’s LDWRF lightning mapping system
[46]. The cloud flashes were within a 100 km range of the VEF#ensor. Figure 8 shows
cumulative distributions of “equivalent peak current eates” (normalized in the same way as
for CG strokes) for all cloud discharge pulses, for the favrgest cloud discharge pulses in any
given second, and for a sample of first return strokes@nfl@shes. The axis on the left is for
cloud pulses, and the one on the right is for CG first s¢tokiee majority (about 70%) of all LF
pulses from cloud discharges had equivalent peak cusenthan 1% of the typical first return
stroke in a CG flash (equivalent to about 0.5 kA). Onlyl#éingest 1-2 pulses in each flash were
consistent with a median equivalent peak current otiabh® kA. On the basis of the data in
Figure 8, we infer that large cloud pulse amplitudes imftequency range have a median value
that is 10 to 20 times smaller than those found with fitsirmestrokes as reported in [79]. It is
likely that for longer propagation distances between themseand the source of the discharge,
the amplitude difference between first-strokes and cloud pidsideely to increase, due to the
preferential loss of higher-frequency signals [80] that rdaute more to the peak amplitude in
cloud pulses. We note that there are no cloud pulseg ldnaye about 12 kA in this experimental
dataset, although there is a known class of narrow bipetrt® (NBEs) with equivalent peak
current values in the same range as return strokes3iice NBEs are thought to occur in about
15-20% of lightning-producing cells and constitute about 0.5%l dlaahes [81], they must not
be strongly represented in this dataset.

This finding does not mean that pulses produced by cloud flastre®t be detected in the
VLF/LF frequency range. Given the large number of putsesluced during the active stage of
cloud flashes, it is not uncommon for them to produce some pthiaésare comparable in
amplitude to small return strokes. The challenge of tetethese pulses is addressed by various
combinations of improved sensitivity produced by lower fremd- noise, reducing the sensitivity
at lower frequencies to better equalize the signal amadglt for cloud pulses and CG strokes,
specialized signal processing, and the use of shorter serssinba distances to increase the
number of sensors that can detect the small signals.hBisi been shown by Betz et al. [82]-[83]
and Shao at al. [84].

Coupled with the ability to detect a large numbers of c¢lpulses is the need to differentiate
between these events and CG return strokes. This can bepdisbech by analyzing waveform

parameters, as was initially done by Krider et al. [48]byw estimating the height of lightning
“sources” in the VLF/LF band. The first system desigredlétermine the height of lightning
pulses in this frequency range was developed by Thomson@5JalT his system operated on the
time-derivative of electric field (dE/dt) measured usingréund stations in a 15x15 km domain.
The authors describe a “weighted hyperbolic” (time-ofvalilocation technique which is an
optimization technique that extends the 3D location methocrides by Proctor [37] for VHF

sources. A similar approach was taken by Ishii eirallapan [86]-[87], who determined the
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altitude of bipolar pulses associated with cloud and CGdkgsn the frequency range of 0.32
kHz to 1.2 MHz using five electric field antennas separbte8i-10 km. The wide-area LINET
LLS developed by Betz et al. [82]-[83] routinely employs heigformation derived from the
arrival time at the nearest reporting sensor to issidassification and to determine the initiation
height of cloud and CG flashes. The basic location method ngb&isystem is time-of-arrival,
although the magnetic-field sensors (bandwidth of 1-200 kHnjige arrival angle information
that is employed as a “plausibility check” on computed locati These authors indicate that
reliable separation of return strokes and cloud pulsebeachieved as long as the closest sensor
is within ~100 km of the lightning discharge. This separati@tance is determined by the
accuracy of the timing measurements and the consistenopgathe reporting sensors. This
suggests that practical operational LLS’s employing this tgalenio classify discharges should
probably employ baseline distances of less than 200 km, in tordssure that classification can
be achieved even when a sensor becomes inoperative or whearthsignificant differences in
ground-wave propagation characteristics between sensors.

Shao et al. [84] provide a detailed description of a “Newlampfoved” Los Alamos Sferic Array
(LASA) used to support Los Alamos National Lab’s (LANL%tellite lightning observations.
Their array of broadband VLF/LF E-field sensors locatedFlorida consists of a six-station
short-baseline region having a ~100 km diameter, and twoteestations forming longer
baselines of ~200 km from the central region. This systeploys waveform parameters to
differentiate between cloud pulses and CG strokes, althtwegiithors demonstrate the ability of
the short-baseline region to provide a reliable height estimsiteg a full 3D optimization
calculation. It is shown that within the range of 100 km fromdéeter of the short-baseline
region, LASA detected 2-5 times more cloud flashes tharfl@bes (the authors employ an
algorithm to group cloud discharges and CG strokes into flgsheggesting that the cloud flash
DE is quite high. As the range increases to 200 km and belyA&d system in Florida starts to
see fewer cloud flashes than CG flashes, because gétieeal disparity between the peak fields
produced by return and weaker cloud pulses. LANL also opadtegyer-baseline LASA system
in the U.S. Great Plains.

All the papers discussed in this section are quick to acleugelthat these systems are not able
to map detailed lightning channel structures like the VHF mappysiems, because of the
LF/VLF signals they observe. The VHF systems detect ttiatran signals produced by smaller-
scale processes, whereas the systems discussed iadiis sletects “cloud pulses” associated
with the field changes produced by larger-scale high-curpeotesses. Based on a study
comparing these cloud pulses with KSC’s LDAR system [#g]y are generally clustered near
the initial breakdown location in the flash, or area®e@ased with abrupt vertical breakdown
between charge regions. A representative example obtamredaisala’s research networks in
the Dallas-Fort Worth (DFW) region in north Texas is shawhigure 9. The pulses detected by
the short-baseline LF cloud detection system (red dots)shown to cluster near the initial
breakdown region shown in the 2D flash depiction produced bgalés LDAR Il lightning
mapping system (blue dots). Although LF cloud lightningtays do not provide a full
description of the spatial extent of a cloud flash (or therged regions of a mature
thunderstorm), the practical benefit of these systems&eds #bility to provide storm onset
information. They also have the benefit that VLF/LF sigmeiopagate well through mountainous
terrain (no line-of-sight constraint).

4. Long-range and Global Lightning Detection
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In remote regions where conventional radar and surfacevaltiegeis are not available, tracking
of thunderstorms and assessing cyclone intensificationinapertant challenges in weather
prediction for civilian and military purposes. Thunderstoover the ocean represent a threat to
airborne carriers and ocean shipping and are mostly beyondatiye of weather radars.
Although today’s operational geostationary satellitesvigeo continuous visible and infrared
imagery, cirrus anvils often obscure convective activitynv@otive clouds that produce lightning
have significant updrafts, increasing the threat of tumdeand icing. This section provides a
brief overview of both ground- and space-based approaches capabdeiding real-time global
information about lightning and thunderstorms.

4.1 Lightning Mapping from Space

Continuous high-quality observations of lightning on a glazale remain an unmet challenge.
Global observations (latitudes below ~ 75 degrees) of claddC6 (Total) lightning produced
by NASA’s Optical Transient Detector (OTD, onboard -@Vand augmented by the Lightning
Imaging Sensor (LIS, as part of the Tropical Rainfaleslging Mission, TRMM) have provided
over a decade of high-quality lightning observations. Althougéetidevices only view a specific
region for a few minutes at a time [88], NASA sciestisave been able to produce the first
“world-wide” estimates of (Total) lightning flash dernswith a spatial resolution of 0.5 degrees.
A limitation of these data is that they currently do aoturately separate out CG and cloud
lightning incidence. The next generation series of GOES-R (&ewsary Operational
Environmental Satellite) is planned to carry a Geostatyobghtning Mapper (GLM) based on
the pioneering work by NASA, as discussed by Christian [88jclwwill monitor lightning
continuously over a wide field of view. Until these instients are in orbit, tested and calibrated,
ground-based long-range lightning detection remains the only meathpibtide a continuous
lightning observation over the oceans. The launch of the fiIBE&R series satellite is
scheduled for 2014.

VHF emissions from lightning have also been observed fromespduch of the literature on
such observations has derived from the FORTE satellitelyuilbs Alamos National Laboratory
[90]. FORTE was designed as a more specialized follow-otfopta to study lightning-
associated signals that had previously been observed ms@ument called Blackbeard. The
FORTE satellite combined optical and VHF observationsodgnits many research objectives,
FORTE was used as part of a demonstration of the plidysidi performing multiple-satellite
geolocation of VHF lightning emissions from space [91].

4.2 Ground-based Systems

When propagation distances between a lightning discharge werdate electromagnetic sensor
are less than about 1000 km, significant energy in both thearid LF band can propagate as a
ground wave. At greater distances, energy in the VLFueregy range can propagate effectively
in the waveguide defined by the earth’s surface below antiéipohosphere above, specifically
its lowest layer, the D region. Out to distances of 3000-4000viont of the energy is carried in
signals that can be accounted for using the first two “pin@sc hops” ([92], and Shao and
Jacobson, this issue). At even greater distances, propagatioore efficiently characterized
using modal analysis, as described by Wait [93]. Giveretluharacteristics, long-range LLSs
have the potential to provide cost-effective and accuratetonmg of convective storms over
large synoptic-scale regions.

All modern long-range ground-based LLS employ location alymst based on time-of-arrival,
magnetic direction finding, or a combination of the two. Téxdiest history of lightning detection
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dealt with the geolocation of long-range “sferics” in the 192&8&gdescribed in Section 1. These
early systems employed narrowband magnetic direction firgbngors. Today, The Zeus long-
range network described by Chronis and Anagnostou [94]-[95] arsemrival-time-difference
method, and is located in the Mediterranean region andafiThis network is reported to
typically locate 20% of the CG flashes at a distance ofitth@00 km, with higher DE closer to
the sensor array. The location error is a few 10’s ofrkihe interior of the network, increasing
to typically 100-200 km at long range. The U.K. Met Offidsoaemploys an arrival-time-
difference method (ATDNET - [96]-[97]). This network curdgremploys 11 operational sensors
that were chosen to provide maximum coverage over Europecehtrpaper by Gaffard et al.
[98] comparing this system with local LLS’s in France &udtria found a relative stroke DE in
the range of 50% (resulting in a higher flash DE), with typioedtion errors in the range of 5-6
km. Pessi et al. [92] describe a network covering the +oantkral Pacific (PacNet) that employs
both magnetic direction finding and time-of-arrival methas] can therefore locate a lightning
discharge with as few as two sensors. Based on pafmenmodels and comparison with
NASA's Lightning Imaging Sensor in the TRMM orbital satellithe daytime and nighttime
flash DE in the north-central Pacific is in the rang& 523 and 40-61 percent, respectively. The
median LA is in the range of 13-40 km. This network has theuahadtribute that it seamlessly
ties in with the broadband (VLF/LF) sensors in the INEDN and the Canadian Lightning
Detection Network. Although these broadband sensors haverpgensitivity than the PacNet
sensors for ionospherically-propagated sferics, they boméri significantly to the overall
performance of the integrated network between the NArtterican Pacific coast and the
Hawaiian Islands.

The World Wide Lightning Location Network (WWLLN — [99]-[102)ilizes a time-of-group-
arrival (TOGA) method to locate lightning strikes. Thiigrently the only ground-based LLS
that strives to provide lightning information on a global $a8s of 2006, this system employed
25 sensors located on all continents, as reported by Rodger[£00]. The highest CG stroke
detection efficiency is estimated to be ~18% in Austratid Indonesia, as this is the area with
the highest density of sensors. This roughly equates toiemam detectable peak current of 30-
40 kA. The performance falls off elsewhere in the wadldpping to under 5% between Africa
and the Americas, with minimum detectable currentsr @bove 100 kA. The estimated global
median location accuracy for this network ranges bet@e®km [99] and 15 km [101].

5. The U.S. National Lightning Detection Netw@#.DN)

The U.S. NLDN has its roots in gated wide-band direefioding technology, and currently
employs the IMPACT technology described in Section 3. Ryinagplications areas include
forestry (fire detection), the electric utility industryhe insurance industry, and areas of
meteorological and aviation nowcasting. The NLDN has beeniging real-time lightning
information since the early 1980’s, and has provided contikspale (U.S.) information to
research and operational users since 1989. This networkntkesgone several improvements
during its 20+ year life. This section briefly discusses th®hy and “evolution” of the technical
aspects and applications of this network, and summarizes ebitthe many studies that have
been carried out to validate its performance.

5.1 Early History of the NLDN

As noted in Section 3, one of the earliest “LLP networka%whe “East Coast” network operated
out of the State University of New York at Albany (SUNY/A)t was the early success of this
network that led to the interest and support from thetide@ower Research Institute (EPRI) to
develop a U.S. national network to serve the needs of thieieleower industry. EPRI support
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began in June 1983, and the network entered an expansion feioglould not stop until the
entire continental U.S. (lower 48 states) was covered in 1D&39]-[104]. During this 6-year
period, EPRI funded the development of the NLDN based onlé¢&ie utility needs for real-
time lightning information for repair crew management, d&od the long-term objective of
producing an 1l-year (solar cycle) lightning ground flash ten&FD) dataset for the
continental U.S.

Although primary funding for this “early” NLDN was provided BRI, many researchers and
meteorologists also used lightning data during this expansiotheo NLDN. This fact is
evidenced by over 100 publications about lightning detection sydiemsen 1983 and 1988,
more than a dozen of which used data from the emerdu\NIN By 1987 the value of lightning
data in operational meteorology was sufficiently estabtisthat the U.S. Office of the Federal
Coordinator for Meteorology facilitated national coverdgeughout the U.S. The final network
configuration was a “composite” produced by combining the EBRded network with smaller
networks operated by the Bureau of Land Management andN&tienal Severe Storms Lab.
Figure 10 shows the evolution of coverage during this 6-year peaieh trom the recent paper
by Orville [105]. A detailed early history of the NLDNadso provided in this paper.

5.2 — NLDN Commercialization and Performance Improve  ments

The expansion of the NLDN in the late 1980’s brought about twdgdivealizations on the part
of EPRI and the SUNY/A scientists. First, it was cléaat real-time and historical lightning
information had value in a number of applications beyomtiearology and the electric utility
industry. Second, it was very expensive to operate andtaimaia national-scale network with
over 100 sensors. As a result of these realizations, thsiateavas made to find a means to
commercialize the NLDN. In late 1990, a commercializatigreament was made between EPRI,
SUNY/A and LLP, resulting in the formation of GeoMet B&ervices (GDS) as the operator of
the NLDN. By 1993, it became clear that the primary “gtdvepplications areas for lightning
data use in the U.S. were as follows:

» Point-specific lightning warning in government and comnatrapplications;

» Point-specific determination of the past occurrendegbtning for use by the insurance
industry and its clients;

* Assessment of power line faults and failures, as partobad national initiative to
improve power quality and reliability.

The most demanding of these applications is power line réijatihe essential elements of this
application are discussed in [54], which includes an overvieelamftric utility applications of
lightning information. The three applications noted abovposed new requirements on the
performance of the NLDN, specifically:

» Detection of both first and subsequent strokes of CGdlgs
* Location accuracy in the range of 0.5-1 km;
» Better flash detection efficiency (FDE) (as good asiples

The location accuracy requirement could not be met usimgtiin-finding by itself, without
reducing the sensor baseline separation to less than 100 krafoféet was essential to include
time-of-arrival location methods in the location algorithatich had become quite viable with
the advent of GPS timing subsystems. On the other hand, tdwtide efficiency requirement,
coupled with the continued need for the best-possiblenatts of peak current, made it
impractical for the existing time-of-arrival networkhén owned and operated by ARSI) to
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address these emerging requirements. Given these fattshandifficulty in establishing a
profitable lightning data business with two competing natioefivorks, the solution was found
in the merger of LLP, GDS and ARSI. This resultedhia te-deployment of ARSI's LPATS lli
sensors in conjunction with new combined MDF:TOA (IMPAGEnsors during late 1994 and
early 1995 [53].

The upgraded network employed the IMPACT location algoritam &llowed simultaneous use
of arrival-time information from LPATS sensors and cam DF:TOA information from
IMPACT sensors. Performance of the NLDN after the upgravas modeled in [53], and
validated in independent studies [106]-[107], [52]. The upgragidtesl in 80-90% FDE and 0.5
km median location accuracy in most regions, falling gffidig near the edges of the network.
Partial funding for the re-deployment of the NLDN, validatiointhe upgraded network, and
development of tools for the electric utility industry vpaevided by EPRI [57]. As a result of the
1995 upgrade and the associated increase in the user comr&filywas no longer required to
provide financial support for the network.

Performance of the NLDN was further improved in 1998 alonigatsler with Canada, as a result
of the installation of the Canadian Lightning Detectionwéek and its combined operation with
the NLDN. The resulting “North American Lightning Detectiontierk” [108]-[109] provides
contiguous lightning information throughout a nearly 20 million®kragion with latitudes
ranging from 25 to over 60 degrees north latitude.

Performance of the NLDN for CG lightning also improved assalt of an upgrade in 2002-3,
principally due to replacement of the TOA-only LPATSdénsors with IMPACT sensors. This
upgrade allowed the NLDN to locate CG strokes with as &éewwo sensors, reducing the
effective baseline of the network. Model estimates of theyograde CG FDE are in the range
of 90-95% throughout the continental U.S., and stroke DE isedeiom the (estimated) value of
50% after the 1995 upgrade to the range of 60-80%. The modeled posti@NLDN DE is
indirectly represented in Figure 11.This figure shows thienated minimum detectable peak
current (50% probability) in the U.S. portion of the completd_ RN. Representing the detection
capability in this manner reflects our growing understandingttiesé are regional and temporal
variations in the CG flash characteristics (peak eireend multiplicity). In order to model the
overall DE of an LLS, one must assume that there is afpeeak current distribution common
to all regions. However, the video-based validation studieBidqgi et al. [110] show that there
may be factor-of-two variations in the average negatiak pairrent from storm-to-storm, and
large differences in the average stroke multiplicity. Biagial. have also found significant
differences in the distributions of negative first strokakpeurrent and multiplicity between
Texas-Oklahoma and Southern Arizona.

During the 2002-3 upgrade period, Global Atmospherics and the N purchased by
Vaisala, who had strong interest in expanding the capabilitthe@fNLDN to include cloud
lightning detection [111]. This focus was in response to the iggowesearch and operational
interest in both cloud and CG lightning. As part of tnigyrade, the sensors were modified to
allow the detection of large-amplitude VLF/LF pulses in clfiadhes. Only a small fraction of
cloud flashes contain pulses of sufficient amplitude taldétected and located by NLDN, given
the 300-350 km baselines between the NLDN sensors. As of April 2206 lightning data has
been a part of the real-time and archived NLDN dataset.

5.3 Validation
In conjunction with the 2002-3 upgrade, field campaigns wereechaut in Southern Arizona
and in Oklahoma/Texas in 2003 and 2004 by University of Arizonaamds&rs, and at the
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International Center for Lightning Research and Tesfi@§ RT) in Florida in 2001-2003 by
University of Florida researchers (see test regionsgaré 11). A key objective of these studies
was to validate the NLDN performance characteristms CG lightning. Data from the
Arizona/Oklahoma/Texas studies were also used to evaluatdagsfication of lightning type.
The main findings from these studies are summarized belomp(@te results can be found in
Biagi et al. [110] and Jerauld et al. [112].

5.3.1 Detection Efficiency and Location Accuracy

The University of Arizona (UA) used GPS-synchronized vidameras in conjunction with
broadband electric field and optical (light pulse) recorslittgevaluate the NLDN performance at
specific geographic locations. These studies in 2003-2004 evaluatfedi&tection efficiency
(DE) and location accuracy (LA) in southern Arizona (S ARy in Texas:Oklahoma (TX-OK)
after the upgrade. Both stroke and flash DE were studie@GAflash was considered to be
detected if at least one stroke in the flash was detemtelkhe results are summarized in Table 1.
Measured flash DE near Tucson in 2001 (pre-upgrade) is irttfodeeference; these data have
been taken from video studies reported by Parker and Krider [11¥ etmak et al. [114]. Note
the large number of flashes and strokes evaluated in 2003s2004t The stroke DE values
from the video evaluation are thought to be ~11 percent hightalan inability to time-resolve
strokes with interstroke intervals below the 16.7 ms viflelol time. This problem does not
impact the flash DE values.

LA in this study was assessed by computing the position eiifteis reported by the NLDN
between first strokes (of negative flashes) and any sub#egqtrekes that followed the same
channel to ground (based on video observation). This measurA principally reflects the
random error in location, since any location-specific pgapian (bias) errors are implicitly
excluded. The reported location error is the measuretigosiifference scaled down b2 to
compensate for the involvement of two measurements wbhuaed) independent random
errors. These results are also summarized in TablEhk. mean error in southern Arizona (424
m) is not as good as in Texas and Oklahoma (282 m). Taxpexted because southern Arizona
is on the edge of the network, and the geometry of the NIsDdti as good for locating lightning
(sensors on one side of the location, rather than engtitie location).

The Florida ICLRT validation study included data for thensers of 2001-2003. Although this
study only validates performance at a single locatiomeptesents a particularly challenging
region for the NLDN. Geographic constraints to the eadtveest limit the number of sensors that
are close enough to participate in lightning locations & rigion. The principal findings of this
study are also summarized in Table 1.

Table 1. Summary of Results from NLDN Validation Studies

Test Region and period Median Stroke Detection RTL “Flash: DE Flash Detection

Location Efficiency (%) (%) (count) Efficiency (%)
Accuracy (m) (count) (count)

(count)

Tucson 2001 -- -- -- 73°

S. AZ 2003-4 424°° (667) 76 (3620) -- 93 (1097)

TX-OK 2003-4 282> (193) 85 (885) -- 92 (367)

Florida RTL 2001 270°  (17) 52 (33) 82 (11) 91" (11)

Florida RTL 2003 450 ¢ (34) 69 (49) 84 (12) 95" (12)

% Obtained from Kehoe and Krider (2004)

® Median position difference, divided by V2 due to the involvement of two random variables
¢ Data only from 2003

® Data only from 2004
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€ Median location error for subsequent strokes
"Estimated flash DE, using Stroke and RTL DE values in equation (2)

Due to the nature of rocket-triggered lightning (RTL), only rettrokes thought to be similar to
natural subsequent strokes are evaluated with this technidqueeobserved subsequent stroke DE
increased steadily from 2001 to 2003, with a value of 69% (34/49) in (3@@3Table 1). The
RTL-based flash DE is an under-estimate of the flashrDHEarida, since these flashes do not
include a natural first stroke. The flash DE can lignedged by viewing the RTL flash DE as the
probability of detecting any subsequent stroke, and thennglatierall flash DE to the RTL DE
using the equation

DEfI = DEﬂst + (1_ DEﬂst) * DErtl (2)
where

DE; = Natural Flash Detection Efficiency
DE,,, =Natural First Stroke Detection Efficiency
DE,, =Rocket triggered FDE (“any-subsequent stroke” DE)

The rationale of this equation is that a flash is deteifteither “the first stroke is detected (so we
do not care about subsequent strokes)” (BB, ), or “no first stroke is detected and one or

more subsequent strokes are detected” (e.g. the secondnt&rquation (2)). If we make the
conservative assumption that the first return stroke Dihassame as the average individual
stroke DE for rocket triggered lightning (though it is thautghbe higher), the estimated flash DE
values in Table 1 are obtained. Although there are onlyal saomber of flashes in these studies,
the CG flash DE results are consistent with otheroregand with Vaisala’s estimate of 90-95%
within the interior of the US.

Location accuracy can also be measured using rocket-emgeound truth data. NLDN model
projections provide an expected median location accuracy of 50&rsnfer most of the US,
including the Camp Blanding area. The observed median elleeation accuracy for the 2001
(pre-upgrade) and 2003 (post-upgrade) ICLRT data supportexipested value, with measured
values of 270 m and 450 m, respectively (Table 1). The eliftsr between the two years is
probably a result of the small sample sizes.

5.3.2 Cloud Flash Detection in the NLDN

To estimate the fraction of cloud discharges detectedhdoyWL DN, Vaisala operated a regional
network of IMPACT-ESP sensors near Dallas, Texaswaatco-located with an LDAR Il VHF
total lightning mapping network [115]. The LDAR Il network&ed as the reference system for
the cloud lightning detection capability of the regional IMPAESP network. Because of the
relatively short sensor baseline distances of the regidhé&ddt network in this area, the modeled
detection efficiency exceeds 25% in a region of about 100-kmigedirrounding Dallas-Fort
Worth and in the corridor between Dallas and Houston. gémrormance of the regional
IMPACT-ESP system (Texas Test Network) was evaluatadnsgthe LDAR Il for several
storms in the Dallas area during 2004. This analysis tookrnaage of prior NLDN validation
field work by classifying all positive-polarity eventstivpeak currents less than 10 kA as cloud
discharges, even if they were originally classified assB@kes. In this analysis, when multiple
LF cloud discharge events were associated with a singhRLiash, they were grouped together
and counted as a single flash. In this way, the anafysigides a value for the cloud flash
detection efficiency (FDE). Table 2 shows that the LDAR4ret cloud FDE varied between 16-
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38% for a sample of 4 storms. The significant result fthim study is that the observed cloud
FDE values are consistent with the modeled detectionesftiy.

Table 2 - Summary of analysis of LF cloud detection efficiency relative to LDAR Il for four isolated storms near Dallas,
Texas, in spring 2004.

date All VHF LF cloud relative modeled

flashes DE (%) DE (%)
5/1 A 537 72 16.7 15-25
5/1 B 122 35 38.5 25-30
5/1C 381 101 36.7 25-30
5/13 58 9 23.1 25-30

As of April 2006, cloud lightning data has been a part ofrded-time and archived NLDN
dataset. Given the longer baseline distances in today’stomedaNLDN relative to the Texas
Test Network, the modeled cloud FDE for the NLDN itselfinsthe range from 10-20%,
depending on local differences in sensor baseline distanndsr typical conditions, the number
of reported cloud discharges is similar to the numlbe€® flashes. During widespread severe
weather conditions, we have seen this ratio increasedog than a factor of two.

5.3.3 Misclassified Events

The NLDN upgrade clearly increased the detection of loareplitude sources, and thereby
increased the potential for reporting cloud dischargtsvever, some of these low-current
discharges are difficult to accurately classify. The ¢dnpaigns in S. AZ and TX-OK suggested
that most (~90%) of the positive small events (<10 kA) ateadlg cloud pulses and that most
(~90%) larger positive events (>20 kA) are likely to be C@ksts. The population of positive
discharges between 10-20 kA are a mix of CG and cloud pulsese Btudies also indicated that
most clearly-identifiable negative polarity reports wastimated peak current < 10 kA are CG
flashes in S AZ and TX-OK, although the studies wereg®ied by low visibility and the limited
dynamic range of the camera.

During the summer of 2005, the UA carried out a 2-week fieldpeégn in the region of
Colorado-Kansas-Nebraska (KS-NE) shown in Figure 11 thatsést on evaluating lightning
classification in this “positive dominated lightning” region,aea unique in the continental U.S.
for the frequency of positive CG lightning [116]-[117]. A digdianalysis of findings from this
campaign is provided in Fleenor at al. [118]. As part of $higly, simultaneous video, electric
field waveforms, and NLDN measurements were examinedder @o evaluate the classification
of NLDN reports during 3 single-cell storms, one dominateshéyative discharges and two by
positives. Based on the waveform data, 204 out of a tb@i@®video-correlated NLDN reports
(54%) of CG were determined to be for cloud pulses asreéd through combined video and
waveform data. Many of the misclassified events weistipe discharges with estimated peak
current (Ip) below 15 kA. Since April 2006, the NLDN has ckediall such low-current
positive discharges as cloud pulses, and had this sdenapplied in 2005, the overall percentage
of misclassified discharges would only have been 30%.dBagean analysis of electric field
waveforms, the classification problem appears to be wanea the cloud pulses are bipolar with
nearly equal positive and negative peak amplitudes. Theflected in the fact that 59% of the
misclassified cloud pulses were also assigned an eatdmitial polarity by the NLDN, and the
majority of these events were bipolar pulses. The degredsufassification seems to vary by
region, because the prior studies noted above in Texas, Oklahathaouthern Arizona, which
all lie outside the uniquely positive-dominated region suidie 2005, show a much smaller



Page 21 4/15/2009

degree of misclassification [110]. As a result of the 2068irfigs, Vaisala has been working
with the University of Arizona to develop a new classifizatscheme for the NLDN that is in the
final stages of validation.

6. Possible Future Needs and Directions

Modern LLS’s are both a blessing and a source of frusiralepending on the nature of a given
application’s needs, information from several different L&yStems may be required. Current
long-range LLS’'s may be able to cover the globe with as &sw25 sensors, providing
information in regions where no other lightning data arelabi@, but the CG stroke detection
efficiency varies from a few percent up to 18% depending on loealvork geometry.
Additionally, peak current estimates are inaccurate or awatilable, and the polarity and
discharge type are difficult to estimate. Shorter-baseide-area VLF/LF systems provide
continuous, uniform detection of most (80-95%) of CG flashesaalogver percentage of cloud
flashes over very large areas, with median location acgwh200-500 m. These systems can
cover 25,000 to 150,000 Krper sensor, depending on the desired detection efficiemc@®
strokes and cloud pulses. They also provide polarity irdtom and useful estimates or peak
current, and have the potential to provide accurate cleessifin of type (CG or cloud). However,
they do not provide information about the space-time behaviadidual flashes, or the spatial
extent of the charged region of a large thunderstorm. ¥dpping systems provide much more
information about the spatial and temporal behaviorast#s and thunderstorms and can locate
specific discharges features with an accuracy of 10's tos100'meters, depending in the
technigue and type of feature. These VHF systems requich higher sensor density than
VLF/LF systems, and they cannot directly locate CGkssoor provide estimates of their peak
current. All modern LLSs can determine the time of lightrdisgharge features with an accuracy
of a few microseconds, providing the ability to time-catelthis information to virtually any
other measurable event. These strengths and limitatiokErexhy these three types of systems
exist today, and will probably be needed in the foresedatiee.

Given the growing need for more precise information about cdmeestorms over the oceans
and in parts of the world where detailed meteorologidarmation does not exist, coupled with
the renewed efforts in long-range lightning detection ovelasiedecade, it is safe to say that
long-range LLS’s are likely to improve over the next decade. iBhikely to result in global
systems with fewer than 50 sensors that can unifodelgct a larger portion of CG flashes, as
well as some cloud flashes. It is unlikely that sucliesys will have location accuracy better than
10 km, given the complex spatial and temporal variations in i¢w@ogp propagation. Such
systems would nicely complement satellite-based Tatgdthing observations.

VHF lightning mapping systems already provide information thaeeds the needs of most
operational users. The practical problem for operationel issthe sensor density required,
particularly for VHF TOA systems. From the perspectf/acientific research, these systems still
have limitations that inhibit our understanding of the physidigtning and the organization of
charge in clouds. Limitation in sensitivity preventshoot these systems from regularly detecting
and mapping positive leaders which are known to occur ingalining flashes. The inability of
TOA and interferometry to regularly map both fast- and gdowpagating leaders is also a
practical problem. This latter problem may soon be addrebsedgh LLS’s that combine these
detection methods into a single system.
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Wide-area LLS’s that detect broadband lightning emissiotkarVLF/LF band have a number
of areas where they can improve to meet the increasing wéegrious applications. The value
of cloud lightning information provided by these systemscombination with the trade-offs
between sensor sensitivity, signal processing capalality,sensor baseline distances, will need
to be determined. More specifically, it is currently koiown if cloud lightning information
provided by these systems will adequately address the ddorangrovements in early warning
and cession of CG threat or identification thunderstonitls the potential of producing severe
weather (high winds, hail, or tornadoes). There are alsamber of performance limitations
caused by propagation of lightning electromagnetic fields awewuntainous and finite-
conducting terrain. Recent research has clearly demaethttait it is possible to remove some of
the errors in arrival time (used for TOA locations)dan signal strength measurement by
correcting for terrain and conductivity [119]-[121]. It is wifficult to achieve 200-meter median
accuracy with such corrections.

Peak current estimates for CG strokes provided by tlyssenss suffer from measurement noise,
calibration errors, and imperfect correction of prop@agednd terrain effects. This fact also opens
up the possibility that improvements in ground-wave propagation mgdabted above will
further improve the peak current estimates provided by tlyssenss. It will also be important to
validate and/or refine the peak current estimates fgathee flashes creating new ground
contacts and for positive flashes. Various research grangpsurrently obtaining relevant data in
controlled experimental conditions, and there should be aleawers within the next few years.

6. Closing Comments
There is a growing number of ground-based lightning locadlysgems and techniques. This
shows the expanding importance of lightning, and more spaityfits impact on modern human
life and infrastructure. As in the past, new capabilitiebghtning detection will be driven by the
demands of new and existing applications, constrained by tegynahd cost. There is room for
improvements in all areas of lightning detection, and technolagdysaientific knowledge are
available to provide them. No one technique or frequenayeraan meet all the needs, but it is
likely that we will see a growing overlap between the bdpias of long-range VLF systems,
wide-area VLF/LF systems, and VHF mapping systems.
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Figure 1 Three representative electric field impulses that wed@ted by a CG flash at a distance of about
60 km. (a) Trace from the preliminary breakdown withindloeid; (b) Trance from the first return stroke;
(c) Trace from a subsequent return stroke in a preegistiannel. (Adapted from [14], with permissoin)
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Figure 2. lllustration of lightning locating techniques andrafpeg frequencies. See text for details.
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Figure 3. lllustration of time-of-arrival (TOA) location usirtgree sensors (open circles) for various
geometries. (a) Conventional use of TOA showing s&etion of hyperbolas (black dot) determined by
time-differences between pairs of sensors; (b) Amhiguocation created by hyperbolas crossing at two
nearby points; (c) early “hyperbolic intersections’tinoel where the distance to the signal source is far
greater than the distance between sensors; (d) approanainterferometry, where the distance between
sensing elements is very small (usually a fractioa whvelength), leading to a clear “direction vector “
pointing to a distant signal source.
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Figure 4. “Bolt from the blue” cloud-to-ground flash deéel using VHF time-of-arrival lightning
mapping. See text for details.
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Figure5. Smoothed amplitude waveform for a typical lightning-gatesl VHF signal showing several
impulsive events and one burst of radiation lasting/iaB60 ps.
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Figure 6 lllustration of differences in TOA-based location aemyrfor sources located inside and outside
a 3-sensor network (locations A-C).
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Figure 7- Example of the IMPACT location algorithm using thinee-of-arrival sensors and two
IMPACT sensors.
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Figure 8 — Cumulative “equivalent peak current” distritngidor all IC pulses, the largest IC pulses, and
first strokes in CG flashes.
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Figure 9 — Cloud pulse detection using LF methods (red dots)parenh to total lightning
mapping at VHF (blue dots).
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Figure 10 — Coverage areas for the expanding SUNY/A NLDN @84 through 1988.
Adapted from [105], with permission.
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Figure 11. Estimated minimum detectable peak current (50%apiidy) for the upgraded
NLDN in 2002-3. Validation studies in 2003-4 were carried outhi@ four small regions
identified by black circles.



