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7.1 General

7.1.1 Lightning Discharges and Definitions

7.1.1.1
Lightning Phenomena

Lightning phenomena can be observed in many different ways. In addition to visible light and audible thunder, lightning discharges change the static electric field and emit electromagnetic radiation in a very broad spectrum, ranging from Hz (Schuman resonance) to GHz. This chapter focuses mainly on the detection and location of EM signals in the two frequency bands around 10 kHz (VLF) and 100 MHz (VHF), which are exploited by most operational Lightning Location Systems (LLS).

The global electric circuit regulates the movement of electrical charges in the atmosphere. Under fair weather conditions the vertical static field amounts to approximately 100 V/m near the Earth’s surface. When strong convection occurs, collisions produce charged particles and updrafts separate charged regions so that electric fields between ground and clouds may rise to the order of some 50 MV. Lightning discharges are the consequence, though due to the km-distances involved fields of this magnitude cannot directly induce lightning but give rise to certain initiation processes that are still under investigation (see 7.2.3 and 7.8). Separation of large amounts of charges causes a variety of electrical recombination phenomena that represent intricate effects of high complexity. 

Electrical discharge activity generally starts with the formation of leader channels, creating a conductive path and depositing charge along the channel; typical leaders, especially the negative ones, proceed in steps thereby producing VHF emission. Some of the leader channels contact regions of opposite charge and give rise to a sudden charge neutralization, producing EM radiation dominantly in the VLF/LF band. When the contact is with ground, a return-stroke (CG, cloud-to-ground) occurs, and when two charge regions within the cloud connect a cloud-events takes place (IC, in-cloud), also named K-change, recoil streamer or IC-stroke. In both cases reasonably long channels (km) carry a short (s) and strong (kA) current. A complete lightning flash exhibits many additional neutralization features, which are described in the literature (Volland 1982; Rakov and Uman, 2003); in particular, subsequent leaders and strokes may be produced, susceptible to detection by LLS. Furthermore, continuing currents of smaller strength but longer endurance occur that are more difficult to detect.

A certain fraction of EM lightning pulses excite modes in the Earth-ionosphere wave-guide and can be detected in distances of up to ~104 km from the stroke. These signals, often referred to as sferics, can be used by global networks (see 7.2.4). Furthermore, leader formation and neutralization currents heat up the channels so that optical radiation is emitted, which can also be viewed from space. Special satellites are equipped with Lightning Imagers that can detect and locate the sources (see 7.2.4.2).

7.1.1.2
Definitions

The following definitions relate to lightning and its detection:

Cloud flash: flash that does not contact to ground.

Cloud-to-ground flash: flash that contains at least one return stroke.

Cloud stroke (IC): short (s) and intensive (kA) current in a long channel (km) within a cloud or between two close clouds; part of a cloud flash; many IC events such as K-changes and a variety of other recombination processes can occur during a cloud flash.

Cloud-to-ground stroke, or return stroke (CG), or strike : main pulse (s) of strong (kA) electric current in a lightning channel connecting to ground; many CG strokes can occur during a ground flash.

Direction finding (DF): locating procedure that uses the direction of arrival of a lightning signal.

Discharge: often used synonymous with flash.

Event: specific part of a flash, typically any isolated signal measured during a flash, needs specification.

Fix: estimated location of a stroke as deduced from a network (mainly used for global networks).

Flash, lightning flash: complete neutralization process that involves many electric events (leaders, strokes, K-processes, continuing currents etc.) within a time interval of up to ~1 s; refers to a cloud flash or a ground flash.

Global network: LLS that employs sensor baselines of the order of 1000 km and detects signals in a narrow range of the VLF band.

Leader: charged conducting channel formed after the initiation process.

Lightning Location System (LLS): network for detection and locating of lightning sources; most modern LLS detect mainly leader sources or strokes.

Multiplicity: number of return strokes during a CG flash.

Polarity: CG strokes are either negative or positive, according to the sign of the electric charge lowered from the cloud to the ground.

Return stroke (CG): stroke that connects to ground (see: cloud-to-ground stroke).

Sferic, or atmospheric: signal from a lightning stroke that travels over long distances.

Source point, or leader source point: place of origin of a leader step.

Stroke: see CG-stroke and IC-stroke.

Time-of-arrival method (TOA): locating procedure that uses the time of arrival of the stroke signal measured at an array of receivers.

Total Lightning: comprises all lightning flashes; a network is said to have total-lightning detection capability when it reports all flashes independent of whether they are cloud flashes or contain CG strokes. A cloud flash is reported when at least one of its components is detected and located.

7.1.1.3
Stroke Strength

Lightning strokes are characterized by their strength, with amplitudes of negative or positive polarity. The commonly applied definition of the strength is the peak value of the electric current in the stroke channel, measured in units of amperes (A). Typical magnitudes of stroke strengths are tens of kilo amperes (kA).

Direct measurements of stroke currents have been performed at instrumented towers hit by lightning. It must be emphasized that this type of lightning, termed upward lightning, is induced by elevated objects and represents quite rare strikes; it is different from the usual downward lightning that hits ground. Lightning location networks operating in the VLF/LF regime measure the electric or magnetic far-field radiation (in V/m or Tesla), requiring a transformation to kA. Available evidence supports the approximate validity of the established scaling procedures, at least within an accuracy of some 20-30%. In a network, the strength of the return strokes is usually obtained as an average of the values obtained from the contributing sensors, partly smoothing substantial differences among individual measurements, and range-normalization according to 1/D, where D signifies the distance from the lightning. In the near field, i.e. below ~30 km distance from the lightning source, irregularities must be expected.

Recent literature often suggests that the first return stroke of a flash has a typical strength of ~30 kA and, in a statistical sense, exceeds the strength of subsequent return strokes within a CG flash. By contrast, LLS all over the world do not find a significant difference between the strengths of first and subsequent return strokes, and report a typical strength of ~10 kA (somewhat less in more efficient networks) independent of the stroke order. Part of the apparent discrepancy may be due to different rise times of current surges in newly created as opposed to existing channels. Consequently, first and subsequent return strokes may have to be scaled somewhat differently. A final clarification for more refined practical scaling in networks is not yet available.

As regards cloud strokes, no reliable scaling procedure is at hand. However, since signal shapes of IC strokes often – though not generally – resemble the ones from CG strokes, it is common practice to scale IC-strengths in the same way as CG-strengths. Stroke-type dependent scaling or other modifications, including more rigorous justifications, remain to be found.

7.1.1.4 Lightning Rates

The intensity of a thunderstorm may be described in terms of the electrical activity involved, appropriately summed over given time intervals and observed as a function of time. In a second step, the derived rates can be related to the observation area so that rate densities are obtained. When one disregards quantities such as sound or optical light and considers VLF/LF and VHF emission, three quantities can be measured:

a) Number of stepped leaders: VHF techniques allow mainly the determination of negative leaders. 

b) Number of strokes: both CG and specific IC strokes can be counted with VLF/LF techniques. 

c) Number of flashes: leader channels and strokes can be grouped to flashes, based on experimental evidence that a flash last less than ~1.3 s (mostly a value of 1 s is used) and flash components are usually located within an area of ~10 km. It must be noted, though, that flash numbers do not precisely reflect the entire electric activity, because details are lost; for example, differing multiplicities do not enter into flash counts.

As regards leaders and strokes it must be kept in mind that observation and locating are possible only when i) the emitted intensity is high enough and ii) the distances to the involved sensor positions are small enough to allow detection above threshold (see 7.3).

A meteorologically important measure is the IC/CG ratio during a storm. Comparable quantities are CG and IC stroke rates, both determined from VLF/LF networks. Alternatively, IC/CG ratios can be derived from flash rates, when either leader channels from VHF systems or strokes from VLF/LF systems have been grouped to flashes. 

7.1.2
Meteorological Requirements

Locating regions of thundery activity by means of real-time lightning data provides the meteorologist with valuable information. Especially useful are data for very large areas so that displacements of storm cells become visible and, thus, developing threats can be estimated. It can also provide clues as to the instability of air masses and the location and movement of fronts, squall lines, tropical storms and tornados. The related data quality is detailed in chapter 7.7.

Meteorological services to aviation have become important almost everywhere in the world. Thunderstorms represent a major hazard to flying because of vigorous air motions, hail, and lightning strikes. Although weather radar and steadily improving satellite images display storm cells, the thundery nature is readily and uniquely identified by lightning data. This enables, for example, the determination of storm-free corridors. Similar considerations apply to the launching of spacecraft. Of course, all commercial and public outdoor activities can benefit from sophisticated lightning observations and associated nowcasting.

Storms producing severe weather conditions are known to exhibit in most cases greatly enhanced IC rates. For this reason, meteorological services can issue storm warning on a better basis when lightning data comprises efficient reporting of cloud lightning (IC strokes, K-changes or stepped leaders).

Other sectors where lightning data is helpful by timely storm warning concern vulnerable installations; examples are airports, transmission lines or wind turbines. Adequate nowcasting allows definition of hazardous time spans for closure of airports or interruption of outdoor work, or initiation of preventive measures. Many current research projects are devoted to the improvement of nowcasting that includes lightning data.

7.1.3
Observation Methods

7.1.3.1
LF and VLF/LF-Techniques

Most LLS utilize the VLF/LF band from ~1 kHz to several 100 KHz, whereby dominant emission comes from ~10 KHz (wave length ~30 km). As long as ranges shorter than ~600 km are relevant, the detected signals represent ground waves that propagate with distance, D, according to ~1/D. They are quite indifferent to obstacles, and follow the curvature of the Earth. Receivers use simple rods or loops as antenna for the electric or magnetic field of the lightning pulse. The electric field delivers the stroke amplitude and its polarity; detection of only the magnetic flux yields the polarity only after the stroke location has been determined in the network. Depending on the noise level and system thresholds relatively small signals can be detected, but stroke locating succeeds only when the signal arrives at a sufficient number of sensors. Thus, the network efficiency depends also on the baseline of the receivers (see 7.3). Stroke locating is achieved with DF, TOA, or a combination of both.

When sensor baselines are of the order of 150 – 300 km strokes can be located with adequate efficiency in the network area and – depending on the techniques applied – a certain fraction of IC strokes becomes detectable. In addition to event time and location, stroke type, strength and polarity can be reported. In the global networks with much larger baselines of the order of 1000 km the spatial coverage is enormous, time and position can be reported using TOA, but all other stroke details are lost.

7.1.3.2
VHF-Techniques

Lightning discharges emit EM radiation in a very broad spectrum. The radio source band around 100 MHz has been exploited for the detection and ranging by interferometry (DF) and, more recently, by TOA techniques, which are sensitive to bursts and pulses, respectively, emitted mainly by negative stepped leaders (Lojou 2006; Lojou et al., 2008). Depending on the signal strength and the detection efficiency, a certain number of radio source points can be located, ranging from zero to ~1000 per leader channel. This kind of channel mapping can provide fine details of complex channel formation during a lightning discharge. Given the locations, grouped source points define leader channels that can be counted, and grouped channels describe a flash. Though highly qualified for lightning research, VHF networks are much more complex than LF/VLF systems and produce more detailed data than what is needed for meteorological services.

High-speed video observations are suited for photographing leaders and reveal even more details than VHF mapping; a typical flash shows a wealth of leaders, but not all of them find a contact to charge regions that allows flow of substantial currents and a final stroke. Thus, VHF data is a measure for electric cloud activity, but the actual lightning strokes are not measured. When a leader channel is detected it is not necessarily clear whether a stroke will occur later; in particular, when a CG stroke is produced, VHF observation does not identify the stroke or its type. Therefore, an additional VLF/LF system is required for CG reporting; this additional LLS must also be able to discriminate the stroke type because it is also sensitive to IC strokes with amplitudes above the instrumental threshold. Some limitations of VHF networks arise from the relatively short range, because the VLF signals propagate only along the line of sight and attenuate according to ~1/D².

7.1.3.3
Time-Of-Arrival Methods (TOA)

TOA techniques measure the arrival time of a lightning pulse at the detector as accurate as possible. Since the travel times from the lightning source to the employed detectors depend on the respective distance, the measured arrival times will differ characteristically. Least-squares procedures, standard in high-precision data analysis, allow determining the lightning source point such that the differences between measured and recalculated travel times are minimized. The small differences involved require adequate synchronization of the sensor clocks; nowadays GPS receivers readily grant this, being accurate to ~100 ns. Nevertheless, final timing of lightning pulses may represent a difficult task especially when pulse shapes are complex and – due to propagation effects – differ at different sensor sites. Finally, differing propagation conditions influence timing procedures. Typically, an overall time precision of 1s or less can be achieved, allowing location accuracies of the order of 300 m. Of course, mismatches can occur that give rise to entirely false locations. For this reason, advanced LLS employ both a sufficient number of sensors and sophisticated analysis software. In principle, four non-redundant reports suffice for a 2D-location. Determination of 3D-locations and redundancy of solutions suggest the use of more than four sensors.

7.1.3.4
Direction Finding (DF)

Since the EM field is a vector field, employment of orthogonal loops allows measurement of the horizontal components of the magnetic flux and, thus, of the direction of incidence. In principle, bearing angles from only two sensors allow calculation of a lightning source point, but some redundancy is recommended in order to improve the location accuracy. Unfortunately, so-called site-error effects introduce substantial uncertainties that depend on natural and technical factors of the local environment, not necessarily constant in time, and it becomes difficult to keep inaccuracies below ~1°. Experience with LLS based on the use DF show that many mismatches occur, which are annoying for forecasters. For this obvious reason, use of DF in VLF/LF networks, and corresponding interferometry in VHF systems are subject to much larger errors as compared with modern TOA techniques and are not recommended any more for modern high-precision systems. 

7.1.3.5
Stand-Alone Detectors

In the past a LLS was not easily available, and mobile use, e.g. for aircraft, represent another situation where LLS are not even available. For these reasons, a variety of stand-alone counters have been developed. As an example, the Australian Bureau of Meteorology uses numerous single flash counters, which detect LF radiation near ~10 kHz (Kuleshov et al., 2008). Its development goes back to Anderson and Eriksson (1980), and Mackerras (1985); accordingly, the Committee on Large Electric Systems (CIGRE) had set standards. Due to relatively high thresholds the range is limited to below ~30 km, but a quite representative measure for the local lightning activity is obtained. Nowadays, more refined solutions for aircraft are available that exploit the VHF band (known as Storm-Scope, Strom-Tracker); for relatively strong strokes they give both the direction without 180°-ambiguity and approximate distances up to ~300 km, but scientific descriptions are not available. In addition, a variety of portable and simpler devices are on the market, which are less accurate and will not be discussed further. It is fair to state that advanced stand-alone detectors still serve a variety of purposes, but cannot deliver high-quality lightning data as is extractable from networks and needed for important practical work of meteorological services.

7.2 Lightning Detection Networks (LLS)

7.2.1 VLF/LF-Networks for the Detection of Cloud-to-Ground Strokes 

Detection and locating of ground strokes has been considered as an important data source for meteorology and many practical applications. Accordingly, much effort was put into the design of networks that report CG and suppress IC. Two measures, a high threshold and a discrimination scheme achieve the latter. The threshold helps to isolate CG because it is known that CG signals tend to be stronger than IC signals. Nevertheless, there is significant overlap so that an additional separation procedure is needed; mostly, pulse shape differences are utilized for discrimination, known as ‘wave-form criteria’. Though this method is very useful, it seems to fail especially for the large group of weak pulses, i.e. just in the range where IC strokes become dominant. Recently, an alternative discrimination has become available that relies on a 3D-TOA procedure, described in 7.2.3. In general, modern LLS report CG strokes with currents above 10 kA quite reliably and represent a valuable data source for meteorology.

The earliest very large LLS has been set up in the US (NLDN); its recent update is described by Cramer et al. (2004). The network used first DF, then TOA and nowadays a combination of DF+TOA. Due to the large baselines of ~300 km the registered current distribution peaks near 15 kA. Recent and more efficient observations suggest that the distribution should peak below 10 kA (Krider et al., 2006), in agreement with independent results from other LLS such as ALDIS in Austria or LINET in Germany and surrounding countries. Similar networks operate in many countries around the world and provide real-time data for CG strokes. When highly effective reporting of cloud lightning was also desired, VHF techniques have been used as is described in the following chapter.

7.2.2 VHF-Networks for the Detection of Cloud Lightning

Based on the success of channel mapping described in 7.1.3.2 it has been argued for a long time that efficient detection of cloud lightning requires employment of VHF techniques. Accordingly, VHF systems have been developed with applications for both research and operational purposes. The French state institution ONERA produced an interferometric system, commercialised under the name ‘SAFIR’ (Richard et al., 1986; Richard, 1991), and the New Mexico group designed LMA, a TOA mapping array (Shao and Krehbiel, 1996; Thomas et al., 2004). Another commercial version is LDAR (Lightning Detection and Ranging), operated at the Kennedy Space Centre in Florida, USA. Several meteorological services use SAFIR-type networks and refined versions that are now offered by Vaisala Inc. (see 7.5).

The principle of VHF observations has been described in 7.1.3.2. Electrical leader activity in the clouds is detectable, independent of whether one or more CG strokes develop during an observed flash. Since CG strokes are not detected directly, an additional observation technique must be foreseen: it is common practice to add to each VHF receiver a VLF/LF sensor, which records strokes. Of course, this sensor must also be capable to discriminate IC from CG strokes (see 7.2.1 and 7.5).

Installation and operation of operational VHF arrays are quite demanding. For example, in order to achieve a sufficient range elevated sites with low radio noise must be found, and the antenna should be placed on high poles (20 – 50 m above ground). Most lightning produces sufficient activity so that efficient flash detection is feasible within the network area. Lightning in the border areas is detected with diminished efficiency because the signals must propagate longer over distances in order to reach the required number of receivers. Alternative detection of cloud lightning within the VLF/LF range is described in chapter 7.2.3.

7.2.3 VLF/LF Technique for the Detection of Total Lightning

It is known for a long time from field records that IC strokes occur abundantly, though with dominantly small signal amplitudes. Recently, a modified VLF/LF network (LINET) has been designed by the University of Munich and put into commercial operation in Europe by nowcast GmbH, which exploits the range of small field amplitudes and, thus, is able to report both cloud lightning and CG strokes. The requirements for the total lightning capability are small sensor baselines of ~200 km and very efficient handling of small signals, corresponding to range-normalized currents down to ~4 kA. With this, an efficiency for cloud lightning can be reached that is comparable to the one of established SAFIR-type VHF networks. Discrimination between CG and IC is attained with a 3D- technique (Betz et al., 2004), which depends neither on the shape nor on the amplitude of the pulse. Since both CG and IC are detected and located by one and the same technique, this type of network layout is relatively simple and economic.

The capability of a VLF/LF system to detect IC strokes is significantly enhanced by the observation that there is a large class of IC strokes that are initiated differently as compared to ‘classical’ strokes. The pulses are produced very suddenly without any measured cloud activity that would show up before and could prepare a channel for subsequent charge neutralization by means of a stroke. The phenomenon was discovered for strong strokes and termed ‘NBE’ (narrow bipolar event; Smith et al., 1999), but recent results suggest that sudden stroke-like pulses occur quite regularly in the entire current spectrum (Betz et al., 2008).

7.2.4 Global Networks

7.2.4.1 Ground-Based Global Networks

Low frequency lightning signals can be transmitted along the earth-ionosphere wave-guide over distances of several thousand kilometres. The least attenuated range lies near 10 kHz and receivers tuned to a small frequency band in this range can detect the waves at a very low noise level. Several ground-based long-range networks are in operation, namely WWLLN from the University of Washington (Dowden et al., 2002), ATDNET by the British Met Office (Lee 1989; Hamer 1998; Keogh et al., 2006), and ZEUS by the National Observatory of Athens (Kotroni and Lagouvardos, 2008). The advantage of these networks is the global coverage with a minimum of land-based sensor stations; with about 60 sites the entire globe could be surveyed. The networks are constantly expanded in order to reach this goal.

Similar to the techniques of more local networks (7.2.1, 7.2.3) the sensors time-stamp the signals with an accuracy of ~1 s and correlate the pulses by different techniques. WWLLN applies time of group arrival (TOGA) from a least 5 sensors, and ATDNET uses a Fourier analysis and the waves from different outstations are correlated in the central processor to produce the time difference used for flash location. With this, remarkable performance is achieved: for example, a comparison with LINET data revealed that ZEUS locates strokes with currents above 30 kA with ~40% probability; towards small currents the efficiency falls off rapidly. The average location accuracy amounts to ~6 km, but the error distribution exhibits a tail to several 10 km. Corrections for propagation effects are intricate because of the day-night variation of the electron density in the wave-guide. Interestingly, both CG and IC strokes are detected. However, global networks do not give lightning parameters such as current, polarity or stroke type.

7.2.4.2 Space-Born Observation

For more than 10 years lightning detection from satellites provides global data (Finke 2008). Prototypes of optical detectors have been operated by NASA: an optical transient detector (OTD) was launched in 1995 and a highly successful lightning imager sensor (LIS) is an integral part of the Tropical Rainfall Measuring Mission (TRMM), launched in 1997. Furthermore, the US Department of Energy launched FORTE in 1997. Since the satellites orbit in an altitude of 300-400 km, the viewing field changes and no permanent coverage is provided. The next generation will be geo-stationary satellites and, thus, observes the full disk. It is planned to provide lightning data on an operational basis by equipping weather satellites (GOES and METEOSAT) with lightning detectors. One challenging task concerns the ~100-fold altitude and, thus, the requirement for a 104-fold sensor sensitivity as compared to LIS.

The electric current during lightning discharges heats up the produced channels so that light is radiated into all directions and can be viewed from space. Due to scattering and absorption in the clouds, light is detectable mainly from the upper cloud volume. Use of suited frequencies and filters ensures high detection sensitivity at an effectively low noise level. At present, comparisons between space-born sensors and ground-based networks are under way for sophisticated scaling purposes so that satellite observations can be numerically correlated with lightning strokes and thunderstorm characteristics.

7.3 Detection Efficiency (DE)

One of the parameters that are characteristic of LLS is the efficiency for stroke and flash detection. Since a flash can consist of several strokes, detection of a flash is already achieved with the detection of at least one of the strokes or of other discharge components. Thus, flash DE exceeds stroke DE. Generally, strong strokes are detected with high efficiency close to 100%, whereas the DE deceases to zero when the strokes become weaker. The lower limit varies greatly in different LLS; mostly, range-normalized stroke currents are efficiently detected above some 10 kA, although it turned out that the most frequent stroke currents are usually found below 10 kA. For this reason, high stroke DE requires small baselines of the order 200 km.

IC strokes show amplitudes that overlap considerably with the ones from CG strokes. Still, the most probable IC signals are typically found around 4 kA, whereby the lower limit of the distribution is not known because of insufficient DE. Here, the transformation from field amplitudes to currents is based on the same procedure as is utilized for CG strokes (CG-equivalent current), although there is no verified basis for this procedure.

Quotation of DE for LLS is usually given in per cent, although the true 100% level is known neither experimentally not theoretically. For this reason, quoted DE percentages are reasonably well defined only when a lower detection threshold is communicated.

VLF/LF networks detect a certain fraction of IC strokes, which have to be discriminated against CG strokes. Traditionally, so-called wave-form criteria are exploited that use characteristic differences in CG and IC pulses; unfortunately, this procedure does not allow a unique discrimination and becomes particularly problematic for weak signals (Krider et al., 2006). The alternative 3D-discrimination does not depend on shape and amplitude of the signals, but it requires a small baseline (~200 km) and extremely well calibrated network parameters and correction of site errors (Betz et al., 2004).

7.4 Location Accuracy

Different location techniques produce widely varying locating precision. The most common procedures are DF, TOA, or a combination of both. Site errors and other external conditions limit the usefulness of DF considerably, while TOA provides the best performance when GPS time references are exploited. It must be realized that the time basis is influential, but its error is almost insignificant, while the achieved final time accuracy that enters into the TOA algorithm is subject to a number of much larger errors. When lightning pulses are time-stamped, the shape of a signal may be complex, several peaks in the pulse may show up, and differences during propagation may result in differing time shifts of the signals when arriving at the involved sensors.

When signals have propagated over long distances so that waveforms become more sinusoidal, more refined exploitation becomes possible for ground-based global networks. Successful methods are TOGA (time of group arrival, involving a frequency analysis; WWLLN) or cross-correlations of wave packets, where a small frequency band filtered, allowing reasonably accurate stroke fixing despite very large distances from lightning to sensor sites.

Practical locating accuracies obtained amount to some 10 km for global systems, are of the order of several km for DF, and some 500 m for TOA. In the latter case, values down to 100 m can be achieved, which describe the residual statistical scattering and represent the absolute accuracy only when systematic errors are also compensated, which originate from sensor errors and propagation-dependent signal alterations.

In addition to the quoted statistical average of locating precision, it should be made clear that the distribution of the errors around the mean is equally important for the assessment of LLS. It has turned out that DF and use of only a few sensors for fixing a stroke location produce a significant fraction of erroneous locations (‘outliers’), sometimes several 10 km off the true target point. Due to this, areas close to a storm cell, but actually free of lightning, appear to have some discharge activity and, thus, produce false information, which is especially annoying for forecasters. Recent regulations for many airports require closing the ramps when lightning approaches: the decision for stating that this case becomes effective is much easier to generate when the employed LLS has highest quality.

Fortunately, TOA methods are much more accurate and exhibit very narrow error distributions around the mean. Verification of these circumstances can be attained from comparing different LLS and from observing strikes into towers in situations where lightning is concentrated to the elevated object and does not strike nearby. This is often the case when high towers in high altitudes are struck in wintertime. Gross location errors are often verified by radar images when lightning events show up in areas with no radar reflectivity. 

7.5 Network Comparisons and Practical Implications for Operational Systems

The performance of LLS can be judged to a large extent from the evaluation of produced lightning parameters and consideration of other meteorological data sources and observations. Nevertheless, a most important procedure is to compare two or more LLS that utilize different techniques and operate in the same or in overlapping areas. Among the many comparisons made only a few have been published, mostly because commercial network owners impose strict rules on the users. Some of the results have become known and elucidate the usefulness of such comparisons; a few examples are given here.

Differences of LLS arise mainly from the used frequency range, sensor baseline, application of DF or TOA, thresholds, and stroke type discrimination. VHF networks with small baselines detect practically every flash, though the number of source points located for a flash differ greatly; also, depending on whether DF (interferometry) or TOA is used, different parts of a flash are accentuated (Lojou 2006). Comparisons of VHF (SAFIR) with VLF/LF (LINET) in Poland and Hungary revealed that both LLS yield comparable information about cloud lighting: LINET located as many IC strokes as SAFIR detected leader channels (Loboda et al. 2006, 2008a), so that both techniques are qualified for the reporting of total lightning. 

Greatly varying DE can be observed with the different VLF/LF networks. Of course, when sensor baselines are too large, the DE will be low for small strokes. But even for comparable baselines the number of located low-current strokes may differ tremendously; apart from thresholds, the use of waveform filters may reduce the number of reported strokes. For example, LINET with its 3D-discrimination of stroke types locates more than twice the number of strokes as compared to EUCLID where waveform criteria are used (Schmidt et al. 2004; 2005). While strong strokes are usually reported with high DE so that different LLS agree very well, differences occur for small amplitudes; for example, LINET reports more CG strokes below 10 kA and, in addition, abundant IC strokes with low amplitudes. 

Comparison of stroke points from different LLS can be used to infer the location accuracy. The simplest method is to visualize cell patterns for the same storm as observed from two independent LLS. Less accurate systems produce more diffuse location patterns than more accurate ones; examples are given by Loboda et al. (2006; 2008a; 2008b) for PERUN and LINET, which employ DF and TOA, respectively. When time-coincident signals are available that represent the same lightning source, location differences can be determined numerically. In case of large deviations (several km, or even tens of km) it is often found that the more accurate system locates the stroke in the considered storm cell while the less precise system reports the corresponding stroke position outside the cell, indicative of a false location. 

7.6 Utilization of Lightning Location Systems by Meteorological Services

Meteorological Services utilize lightning data for many different purposes, dominantly in the context of national duties, public services, and international commitments. The most typical tasks are as follows:

Real-time lightning data is observed by forecasters and may be overlaid with radar and satellite images (cloud images, brightness temperature) in order to produce nowcasting information and to check the necessity for issuing warning in specific areas for the public, protection services, and many industrial branches. A first lightning signal is considered as a serious indication for a situation having the potential for an upcoming storm. As regards early recognition of severe weather conditions it is generally accepted that, among others, the event rate of efficiently measured cloud lightning represents a useful indicator (see 7.6.1). Automated warning tools in pre-defined regions benefit from LLS that provide accurate stroke positions and reliable border areas of storm cells, with a minimum of false reports.

In aviation it is a vital objective to provide reliable storm information for extended, mostly supra-regional areas to airlines and pilots so that carriers can adjust flight paths in time to avoid dangerous thunderstorm clouds with lightning, hail and strong wind gusts. At present, lightning data is provided mostly for self-briefing by the specific user groups. Onboard lightning detection is widely used, but neither compulsory nor sufficiently accurate; for this reason, a number of projects are under way with the aim of transferring advanced meteorological data with the inclusion of lightning parameters into the cockpits, and to arrive at equal information levels on the ground and in the air. 

Basic numerical weather prediction with the aim of storm warning, nowcasting and forecasting use lightning data and combinations with other meteorological data sources. Numerous advanced tools are under development, often with co-operations of scientific institutions and involvement of educational programs (see 7.6.2). Analysis of lightning occurrence as a function of time, and for different areas is part of studies in climatology (see 7.6.3).

Among the practical applications of lightning data are expert’s reports on the probability that lightning was the cause for some ground damage, mostly in connection with insurance cases (see 7.6.4).

7.6.1 Storm Recognition and Alarm for Severe Weather

Recent years have brought a significant improvement of available sources for meteorological data, with the inclusion of lightning parameters. For experimental recognition of thunderstorms one can use radar reflectivity, cloud images, passive microwave brightness temperature, and lightning, whereby the latter must be regarded as the most direct information. Highly indicative is the observation of lightning by means of global networks, local networks, and stand-alone detectors on the ground or in aircraft. The differences of these systems have been indicated above. While mere recognition of a thunderstorm is feasible with all of the quoted techniques, including relatively simple equipment, more complete measurements require advanced LLS, which provide high efficiency in real time and, thus, early detection, identification of cloud lightning, and excellent locating with a minimum of false locations.

One of the important duties of meteorological services must be seen in the capability to issue reliable alarm for severe weather conditions. As regards thunderstorm alarm, the best assessment is achieved when many data sources are exploited, but lightning data can serve as a very clear indicator for strength and extension of storm cells. In particular, severe storms are typically accompanied by a strong increase of cloud lightning, not necessarily derivable from CG rates. These circumstances underline the advantage of total-lightning networks. Alarm can be defined as soon as a stroke occurs in the surveyed area; more reliable is the recognition of a storm cell and its tracking either inside or towards areas of interest. Some LLS allow for extrapolation of cell displacements for nowcasting in the order of 1 h. Except for certain frontal storms, forecasting longer time periods requires numerical weather prediction. Finally, it may be pointed out that lightning in combination with cell tracking indicates not only the beginning of heavy thunderstorm activity but also signals the end of a threat in a given area. 

7.6.2 Derived Products, Nowcasting and Forecasting

As regards nowcasting, lightning observation may serve as sole source for thunderstorm recognition, and forecasters usually observe lightning data as delivered by LLS. This direct inspection of lightning data by visualization of strokes in geographical maps is useful for many purposes, with the inclusion of limited storm warning. An improvement is achieved by means of statistical evaluations, e.g. with respect to stroke rates, in order to give a necessary condition for storm alarm. A number of nowcasting projects are under way to develop advanced products in the form of automated procedures that consist of cell tracking and evaluation of lightning parameters in the recognized cells. Refined interpretations, analysis, and animations of results from cell tracking greatly enhance the nowcasting potential. The combination of cell tracking involving both lightning and radar represents a further type of product. Evolution of other critical parameters such as radar reflectivity thresholds may be added and exploited in order to reduce false alarm rates.

Forecasting requires more general solutions involving combinations with other data sources and application of numerical methods. Undoubtedly, numerical weather prediction extends the forecasting period and must take over when nowcasting power fades after ~1 h. Lightning data can be effectively used in a MOS technique (model output statistics; Glahn and Lowry 1972; Knüpffer 1996), which applies probabilistic forecast equations. This type of numerical forecast is also available for input of both lightning and radar data. 

7.6.3 Lightning and Climate

In recent years studies of climate change have accentuated the connection between lighting and climate (Williams 2005; Price, 2006, 2008). When global warming leads to an increase of surface temperatures, lightning rates increase as well with an estimated 10-100% for every one degree surface warming. There is also a correlation between water vapour in the atmosphere and lightning activity; thunderstorms deposit large amounts of water vapour in the upper troposphere and this in turn influences the greenhouse effect affecting the climate of the earth. Lightning is known to produce nitrogen oxides, followed by the production of the greenhouse gas ozone. It must be conceded, though, that the underlying mechanisms are not yet understood sufficiently well and alternative predictions can be supported; for example, Grewe (2008) argues that the expected climate change may lead to a reduction of lightning activities. 

In any case, lightning activity is one of the factors that must be observed and taken into account for any detailed model on climate and climate change. Therefore, it is important to monitor lightning activity over large areas and to establish a database over long time periods. Relationships are also studied on short time scales, ranging from daily and diurnal variations, 5-day waves, intra-seasonal, semi-annual, and annual to longer periods. To achieve this goal local high-precision LLS should be expanded, global LLS must be completed, and standards for lightning detection must be introduced.

7.6.4 Verification of Lightning-Induced Ground Damage

Lightning-Induced ground damage must be regarded as early motivation for the development of LLS. In the meantime LLS have attained high locating accuracy so that a number of practical applications have become feasible. For example, cases of damage can be investigated in order to determine whether a lightning stroke could have been causative. Most insurance companies use lightning data for the verification or rejection of damage claims. In this regard, the used LLS must exhibit both excellent DE and locating accuracy: weak strokes must be reported because even a 5 kA stroke might produce significant damage or over-voltage; furthermore, the locating accuracy should be better than ~1 km so that a reliable correlation between lightning and damage can be verified. Even higher locating accuracy is needed for the power industry when it has to be decided whether the interruption of a high-voltage transmission line could have been caused by a lightning stroke. Since heavy storms can produce high stroke rates and lightning flashes may be composed of many strokes with differing strike points, an accuracy of 100-200 m is necessary for the establishment of a reliable spatial correlation. Of course, this requirement is relaxed when precise event timing of both the power failure and the strokes are available. Many tools for automatic recognition of these incidents are on the market.

7.7 Supra-Regional Networks and Unification of Lightning Data

At present, there are no international standards for the quality of lightning data that is produced by or delivered to Meteorological Services or other customers. The features of LLS are greatly differing and at all times suppliers of LLS attribute high data quality to their systems. However, simple data comparisons of different LLS operating in the same area reveal tremendous differences and neither experimental nor model-based ground truth is readily available. Additional complications arise when LLS are set up nationally in relatively small countries. The functional principle of LLS allows homogeneous and efficient detection only in the inner part of a network; thus, small networks with few sensors are necessarily less efficient and less accurate in all border areas. Data exchange with neighbouring countries may partly remedy the situation, provided the same technology is used. However, each LLS operator will service, update and control the LLS differently so that no reliable, homogenous and comparable data can be expected. As a result, the many regional LLS and even the data-combination of national networks do not represent optimised solutions, although their local usefulness is certainly not questioned.

Future solutions should comply with the demand that data, i.e. all required lightning parameters, must fulfil certain standards that have to be internationally accepted. Though the used technologies should be left to the provider, it must be realized that networks from different manufacturers are not compatible with each other. Thus, unification of data is more readily achieved with one technology, uniform baselines, and a single standard for monitoring and servicing of the entire surveyed area. The latter is already largely realized with NLDN in the US and Canada (operated by Vaisala, Helsinki) and LINET in Europe (operated by nowcast GmbH, Munich). Open communication and presentation of network parameters must be provided, so that some external control of the achieved standards becomes possible.

As regards lightning parameters provided by LLS, users may need different data features for different purposes. The following most important six network features and event parameters must be considered and subject to standardized evaluation:

· detection efficiency for CG strokes and cloud lightning (IC strokes, leader channels)

· average location accuracy

· scatter of location accuracy

· reliability of discrimination between ground- and cloud lightning signals

· range-normalized current amplitude and polarity of CG strokes

· quality number for each stroke or event.

In 2007 WMO issued a table for code and description types of meteorological data, including lightning and its common parameters. The worked out BUFR edition 4 was updated in 2008 and is in international use. For example, has been a requirement for data delivery to the German Weather Service. The code is described in

http://www.wmo.int/pages/prog/www/WMOCodes/OperationalCodes.html

and more directly on the page

http://www.wmo.int/pages/prog/www/WMOCodes/Operational/BUFR/FM94REG-11-2007.pdf 

From the descriptions above it has become evident that it is hardly feasible to describe the DE of a real high-precision network only by means of a single number. One satisfactory possibility consists in quoting differential DE that depends on area and stroke current. For example, LLS may start to report strokes with currents of 5 kA, and the chance to locate strokes with 50% DE is attained at 8 kA. Some LLS operators already provide corresponding maps with contour lines, which visualize the described network situation. In order to monitor the DE as a function of time, the actual network status can be updated in certain time intervals; this information can be archived, and be made available to the customer for both real-time use and historic evaluation.

LLS manufacturers or network operators regularly generate location accuracy maps. What needs to be added is information about the scatter, i.e. outliers or false locations. Especially for meteorological purposes (forecasters) it is irritating to get confronted with lightning locations in an actually lightning-free area, even though the vast majority of reports are well positioned. For this reason, control procedures must be developed that guarantee a minimum of grossly incorrect stroke points. Suited procedures need to be developed.

While total lightning event rates are indicative of storm development, separated reporting of CG stroke rates and cloud lightning contributes to better recognition of severe weather conditions. At present, discrimination relies on the handling of stroke signals; both available techniques, waveform criteria and 3D-analysis, need to be investigated in more detail, especially in the range of small signal amplitudes where IC activity becomes dominant. The importance of reporting of cloud activity is generally accepted, but the most suited way to report IC flashes remains to be discussed.

Stroke currents and polarities represent lightning parameters that are mostly used for statistical analysis and characterization of storm types. Of course, in the field of lightning protection this information is essential. As regards quality numbers of reported lightning events, present reporting typically deals only with the statistical location error; this is a helpful quantity but not totally reliable because it can become too small in cases where few sensor reports are evaluated, and systematic errors are not added.

7.8 Research in Atmospheric Electricity and Open Questions

Due to the intricacy of electrical discharges and the difficulties to observe lightning phenomena in the atmosphere and in extended high-reaching clouds, many basic questions remain open. Meanwhile, charge separation processes have become reasonably understood and modelled, but the produced charge structures are still subject of intensive studies. The initiation process remains unclear; certain minimum electric field magnitudes are thought to be required for lightning initiation and a series of breakdown processes is known to happen prior to the short-term flow of a high current through a leader-prepared channel, but there is also the observation of sudden stroke occurrence with no prior EM emission. The many discharge phenomena that occur along with a flash comprise more effects than leaders and strokes that are relevant to the present chapter. A variety of processes have been identified, which reach beyond the present scope but are important for understanding and modelling. Super cells and extreme thunderstorms, life cycles in relation to lightning parameters and other observed data, highly energetic radiation, Schuman resonances, TLE such as sprites, infra sound, production of light, relations to microphysical parameters, precipitation, radar reflectivity, and production of chemicals are part of the realm that is extensively studies by many groups all over the world.  In this connection LLS provide a small though important contribution to monitoring and understanding atmospheric electricity.
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